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REMARKS 

In view of the above amendments and the following remarks, reconsideration 
of the outstanding office action is respectfully requested. 

New claims 37—41 have been added. Support for the subject matter of these 
claims may be found at paragraphs [001 1], [0038], [0055]-[0056], [0059], [0065], and 
[00104]— [00105], In addition, accompanying this paper are three exemplary papers that teach 
measuring membrane potential of a cell to assess activation of a receptor. 

For example, monitoring activation of receptors using inside-out patch tests 
for measuring current flow across kidney cell is disclosed in Dhallan et al., "Primary 
Structure and Functional Expression of a Cyclic Nucleotide-activated Channel from 
Olfactory Neurons," Nature 347(6289): 184-1 87 (1990) (cyclic-nucleotide-gated channel 
from olfactory neurons) (attached hereto as Exhibit 1) and Misaka et al., "Taste Buds Have a 
Cyclic Nucleotide-activated Channel, CNGgust," J. Bio. Chem. 272(36):22623-22629 (1997) 
(CNGgust receptor from rat tongue epithelium) (attached hereto as Exhibit 2). Specifically, 
Dhallan reports that the electrophysiological properties of a cyclic-nucleotide-gated channel 
from olfactory neurons were examined by transient expression in a human embryonic kidney 
cell system. Inside-out patches of plasma membrane were excised from the transfected cells 
and tested for sensitivity to bath-applied cyclic nucleotides, by measuring membrane currents 
induced by the nucleotides. Similarly, Misaka reports that CNGgust expressed in human 
embryonic kidney cells opened upon the addition of cGMP or cAMP. Current was recorded 
from inside-out patches held in a bath solution containing cGMP or cAMP and subjected to 
increasing voltages. 

Additionally, Altenhofen et al., "Control of Ligand Specificity in Cyclic 
Nucleotide-gated Channels from Rod Photoreceptors and Olfactory Epithelium," Proc. Nat 7 
Acad. ScL USA 88:9868-9872 (1991) (attached hereto as Exhibit 3) describes the use of the 
Xenopus oocyte patch test to measure activation of cyclic-nucleotide-gated ionic channels in 
photoreceptors and olfactory sensory neurons. In particular, macroscopic current 
measurements on excised inside-out patches were made after injection of mRNA into 
Xenopus oocytes, and were recorded under voltage-clamp conditions. Current- voltage 
relations were recorded in control and different test solutions containing ligand intermittently. 



R878 190.3 



BEST AVAILABLE COPY 



Serial No. 09/834,792 - 6 - 

In light of the disclosure in the present application and the knowledge in the 
art when the application was filed, one of skill in the art would have known how to measure 
TRP8 activation by measuring the membrane potential of the cell. 

The rejection of claims 17 and 24-36 under 35 U.S.C. § 1 12 (1 st para.) for lack 
of enablement is respectfully traversed. 

The outstanding office action takes the position that one of ordinary skill in 
the art would not know suitable assays for assessing activation and inhibition of TRP8 and 
how to correlate the results of such assays and TRP8 activation. In particular, it is asserted 
that such a skilled artisan would not know whether a particular response indicated activation 
or inhibition. Applicants respectfully disagree. 

The present application (at paragraphs [001 1], [0038], [0055]-[0056], [0065], 
and [0072]) teaches that activation of TRP8 by a bitter tastant results in extracellular calcium 
entering the cell, thereby activating downstream messengers which, in turn, leads to 
transmitter release and activation of afferent gustatory nerves. See also page 5, lines 6—13, 
page 11, lines 1—10, page 18, line 6 through page 19, line 2, page 22, lines 5—11, and page 25, 
lines 5-17 of the U.S. Provisional Patent Application Serial No. 60/197,491 which the 
present application claims benefit of. Therefore, activation of TRP8 in the presence of a test 
compound versus a control is indicated by increased influx of calcium into the cell, as well as 
increased activation of calcium-induced downstream messengers, increased transmitter 
release, and increased activation of afferent gustatory nerves. 

In conjunction with their Amendment mailed April 4, 2005, applicants 
submitted references describing various assays (i.e. Gillo et al., "Coexpression of Drosophila 
TRP and TRP-like Proteins in Xenopus Oocytes Reconstitutes Capacitative Ca2+ Entry," 
Proc. Natl Acad. ScL USA., 93(24):14146-14151 (1996) ("Gillo"); Bumashev et al., 
"Fractional Calcium Currents Through Recombinant GluR Channels of the NMDA, AMPA 
and Kainate Receptor Subtypes," J. Physiol, 485 (Pt 2):403-418 (1995) ("Bumashev"); and 
Hu et al., "Appearance of a Novel Ca 2+ Influx Pathway in Sf9 Insect Cells Following 
Expression of the Transient Receptor Potential-like (trpl) Protein of Drosophila," Biochem. 
Biophys. Res. Commun., 201 (2): 1050-1 056 (1994) ("Hu")). 

The outstanding office action dismisses these references as not specifically 
relating to TRP8 activation. While this may be true, it is irrelevant. These references were 
cited to demonstrate that one of ordinary skill in the art, having read the present application, 
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would have been able to make and use the present invention. Enablement is thus not 
analyzed by examination of the cited references alone but in combination with the disclosure 
of the present application. Properly analyzed, it is clear that the present application fully 
satisfies the requirements of 35 U.S.C. § 1 12 (1 st para.). In particular, as noted above, the 
present application teaches that TRP8 activation is indicated by increased influx of calcium 
into a cell, increased activation of calcium-induced downstream messengers, increased 
transmitter release, and increased activation of afferent gustatory nerves. Gillo discloses 
measuring activation of a Drosophila TRP channel by monitoring the change in chloride 
levels and measuring Ca 2+ entry using Ca 2+ -sensitive fluorescent dyes. Burnashev discloses 
studying heterologously expressed ion channels in HEK 293 cells using fluorescent dyes and 
electrophysiological recordings to monitor Ca 2+ . Hu teaches monitoring a TRP channel 
expressed in Sf9 insect cells using the Ca 2+ indicator dye Fura-2. Thus, these references 
teach procedures to measure characteristics that the present application teaches can be used to 
determine whether TRP 8 has been activated. 

In addition, accompanying this paper are a number of additional papers which 
demonstrate that the present application fully enables the claimed invention. 

Bai et al., "Dimerization of the Extracellular Calcium-sensing Receptor (CaR) 
on the Cell Surface of CaR-transfected HEK293 Cells," J. Bio. Chem. 273(36):23605-23610 
(1998) (attached hereto as Exhibit 4) and Chandrashekar et al., "T2Rs Function as Bitter 
Taste Receptors," Cell 100:703-71 1 (2000) (attached hereto as Exhibit 5) also disclose 
measuring intracellular calcium levels using fura-2 fluorimetry assays to monitor, e.g., the 
extracellular calcium-sensing receptor CaR (Bai) and members of the T2R mammalian taste 
receptor cell family (Chandrashekar). In particular, Bai discloses that activation of the CaR 
by elevated levels of extracellular calcium stimulates phospholipase C andxaises the 
cytosolic calcium concentration ("Ca 2+ "). HEK293 cells transfected with CaR cDNAs were 
loaded with fura-2/AM. The 340/380 excitation ratio of emitted light was then used to 
calculate Ca 2+ ,- after incremental increases in extracellular calcium. Similarly, Chandrashekar 
reports the expression of putative mammalian taste receptors (T2Rs) with Gal 5, a G protein. 
In this assay, receptor activation reportedly led to increases in intracellular calcium, which 
was monitored at the single cell level by measuring FURA-2 emission ratios. 

Finally, as discussed above, the use of the Xenopus oocyte patch test to 
measure activation of cyclic-nucleotide-gated ionic channels in photoreceptors and olfactory 
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sensory neurons is described in Altenhofen, and Dhallan and Misaka disclose monitoring 
activation of receptors using inside-out patch tests for measuring current flow across kidney 
cell. 

Thus, the specification discloses markers of TRP8 activation (e.g., increased 
intracellular calcium) and assays for these markers were well-known in the art when the 
application was filed. Accordingly, the rejection for lack of enablement is improper and 
should be withdrawn. 

The rejection of claims 17 and 24-36 under 35 U.S.C. § 1 12 (1 st para.) for lack 
of written description is respectfully traversed. The PTO's position appears to be that the 
specification does not correlate the claimed assays to TRP8 activation or bitter taste 
perception. Applicants respectfully disagree. 

Claim 17 expressly correlates assay results (i.e. increased level of TRP8 
activation) to what is being measured (i.e. inducing bitter taste perception). In addition to the 
disclosure identified above in response to the lack of enablement rejection under 35 U.S.C. 
§ 1 12 (1 st para.), the specification expressly correlates TRP8 activation/intracellular calcium 
(present application at [0060] and U.S. Provisional Patent Application Serial No. 60/197,491 
at page 20, lines 8-18) to intracellular cAMP concentration assays (claims 29-33) (present 
application at [0060] and U.S. Provisional Patent Application Serial No. 60/197,491 at page 
20, lines 8—18), and nerve response assays (claim 36) (present application at [0073] and U.S. 
Provisional Patent Application Serial No. 60/197,491 at page 25, line 18 through page 26, 
line 3). These specific assays put the public in possession of the genus of TRP8 
activation/intracellular calcium assays, demonstrating that claims 17, 25-33, and 36 have 
written descriptive support. Accordingly, the rejection for lack of written descriptive support 
under 35 U.S.C. § 1 12 (1 st para.) is improper and should be withdrawn. 

The rejection of claims 17 and 24-36 under 35 U.S.C. § 1 12 (2 nd para.) for 
indefiniteness is respectfully traversed in view of the above amendments. It is the position of 
the PTO that "TRP8 activation" is not sufficiently defined in the specification, and that the 
correlation between the claimed assays and TRP8 activation is not delineated in the claims. 
Applicants respectfully disagree. Claim 1 7 has now been amended to state that the level of 
TRP8 activation is measured by measuring the level of intracellular Ca 2+ in the cell. This is 
consistent with the present application's teaching on page 23, paragraph [0060] that increased 
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levels of intracellular Ca constitute TRP8 activation. Therefore, the rejection under 
35 U.S. C. § 1 12 (2 nd para.) for indefiniteness is improper and should be withdrawn. 

In view of all of the foregoing, applicants submit that this case is in condition 
for allowance and such allowance is earnestly solicited. 

Respectfully submitted, 
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O DO RANT signal transduction occurs in the specialized, cilia of 
the olfactory sensory neurons. Considerable biochemical evidence 
now indicates that this process could be mediated by a G protein- 
coupled cascade using cyclic AMP as an intracellular second 
messenger 1 . A stimulatory G protein a subunit is expressed at 
high levels in olfactory neurons and is specifically enriched in the 
cilia 3 , as is a novel form of adenylyl cyclase 3 . This implies that 
the olfactory transduction cascade might involve unique molecular 
components. Electrophysiological studies have identified a cyclic 
nucleotide-activated Ion channel in olfactory cilia 4 . These observa- 
tions provide evidence for a model in which odorants increase 
intracellular cAMP concentration, which in turn activates this 
channel and depolarizes the sensory neuron. An analogous cascade 
regulating a cGMP-gated channel mediates visual transduction in 
photoreceptor cells (see refs 5, 6 for review). The formal similarities 
between olfactory and visual transduction suggest that the two 
systems might use homologous channels. Here we report the 
molecular cloning, functional expression and characterization of 
a channel that is likely to mediate olfactory transduction. 

The coding region of the cGMP-gated channel from bovine 
rods 7 was isolated and used to screen a rat olfactory complemen- 
tary DNA library at low stringency (see Fig. la methods). A 
single class of recombinant clones was identified. Sequence 
analysis of the longest of these cDNA clones (clone 3) revealed 
an open reading frame of 664 amino acids (Fig. la). The putative 
protein encoded by this cDNA clone shares considerable 
homology with the photoreceptor channel (57% identity). One 
region of sequence divergence occurs at the amino terminus of 
the two proteins, and is predicted to reside on the cytoplasmic 
side of the membrane 7 . The remainder of the coding region of 
these proteins exhibit extensive homology. Notably, the region 
near the carboxyl terminus implicated as the cyclic nucleotide 
binding site 7 (overlined region in Fig. la) is highly conserved. 
The hydropathicity profile of the rod channel suggests perhaps 
four or six membrane-spanning regions 7 . The nearly identical 
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hydropathic profiles (Fig. 16) and the high level of overall 
homology shared by the rod and the olfactory channels do not 
allow further resolution of possible models for the topological 
distribution of the membrane-spanning segments proposed pre- 
viously 7 . In any case, the two channel proteins are likely to have 
the same topology. 

A second full-length independent cDNA clone (clone 2) was 
also sequenced. The two clones (2 and 3) differ by three nucleo- 
tides in length at the 5' end, the length of the poly(A) tail (13 
versus 9 nucleotides) and a single internal position (G versus 
A at nucleotide 635) that results in a lysine- argi nine change in 
the protein sequence. A third independent cDNA clone contains 
the A residue, as does clone 3, at this position. The difference 
could have arisen during cDNA synthesis or as a natural variant 
in the animal population. 

The tissue distribution and abundance of the messenger RNA 
encoding this putative olfactory channel was determined by 
northern blot analysis (Fig. 2a, right panel). An abundant 3.2- 
kilobase (kb) message is seen only in RNA from olfactory 
epithelium. The expression of this message is reduced on elimi- 
nation of the sensory neurons induced by olfactory bulbectomy 8 
(Fig. 2a, left panel). These results suggest the channel is 
expressed in olfactory neurons. A similar pattern of expression 
is seen for the G protein a -subunit (G 0 i fa ) specific to olfactory 
neurons (ref. 2). 

The extensive homology shared by the olfactory and the visual 
channels isolated from different species raised the possibility 
that they might be derived from the same gene. However, 
Southern blot analysis of genomic DNA from several species 
(Fig. 26) revealed unique patterns of hybridization when the 
coding region of the two channels were used as probes. This 
observation indicates that the two channels are the products of 
distinct genes and that they do not have any genomic sequences 
in common. 

The electrophysiological properties of the olfactory channel 
were examined by transient expression in a human embryonic 
kidney cell system 9 * 10 . Inside-out patches of plasma membrane 11 
were excised from the transfected cells and tested for sensitivity 
to bath-applied cyclic nucleotides. At 2 days after transfection, 
22 out of 53 patches showed a cyclic-nucleotide-induced current 
At earlier times, the frequency of responsive patches was lower, 
as was the amplitude of the membrane current- In control 
experiments a total of 50 patches were excised from mock- 
transfected cells; none of these responded to cyclic nucleotides. 

FIG. 1 3. The DNA and deduced ami no- acid sequences (single-letter code) ► 
of the rat olfactory channel. The initiating methionine has been assigned 
position +1. The tandem ATG codons that initiate the open rearing frame 
are preceded by stop codons in all three frames. The second of these 
methionine residues is in better context for translation initiation 20 . The third 
row of each line displays the protein sequence of the bovine rod channel 7 ; 
only differences are indicated, and no attempt was made to align the first • 
150 amino acids of the rod channel. No gaps are required to align the " 
sequences of the two channels, with the exception of a single position at 
bovine Lys 619, which has no counterpart in the rat oi factory channel; this 
has been inserted in the displayed sequence as K. The region proposed to 
bind cyclic nucleotides is overlined. b, Hydropathicity comparison of the 
olfactory and visual channels by the method of Kyte and DoolittJe 21 . Hydro- 
phobic regions are shown with positive values. 

METHODS. The bovine rod channel probe was obtained using the polymerase 
chain reaction with oligonucleotides correspondng to the sequences at 
positions -49 — 27 and 2J.39-2J.66 (ref. 7). The 5' oligonucleotide con- 
tained an EcoRI site at the 5' end. The oligonucleotides were used to prime 
synthesis from 1^.1 of an amplified bovine retinal library (5x 
10 10 p.f.u. ml" 1 ) 22 . The resuiting 2.2-kb fragment was cleaved with EcoRI 
and Kpnl at an internal site and doned into the Bluescript plasmid vector 
(Stratagene). Purified EcoR\-Kpn\ fragment was subsequently labelled with 
random hexamers and used to screen 2 x10 s recombinants from a rat 
olfactory cDNA library. Filters were washed at low stringency (2 xSSC buffer, 
1% SDS at 55 9 C) as previously described 2 . About 100 hybridizing plaques 
were obtained and several were analysed further. DNA sequence was 
determined from both strands using double-stranded templates and specific 
oligonucleotide primers. 
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The following results were obtained from trarisfections with 
cDNA clone 3, but no obvious differences were seen with clone 
2. Figure la shows the maximum membrane currents induced 
in a responsive patch by cAM? (cA), cGMP (cG) and cCM? 
(cC). Buffered Ringer's solutions with no divalent cations (sol- 
ution 2 in Fig. 3 legend) were on both sides of the patch. The 



maximum currents produced by the different ligands were nearly 
identical, a feature consistent with findings from the native 
channel in olfactory cilia 4 , and distinct from the cyclic-nucleo- 
tide-ga;ed channel in rods 12,13 . Figure 36 shows the relations 
between normalized current amplitude and ligand concentration 
for the three nucleotides at ±40 mV, obtained from the same 
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FIG. 2 a. Northern analysis of RNA In various tissues. Right panel, the 
full-length cHf actory channel cONA insert was used to examine the abundance 
of the corresponding mRNA In several rat tissues. M, markers; O, olfactory; 
Bu. olfactory bulb; Br f brain; U, liven Lu. lung; Ht heart Ki, kidney; In. intestine. 
Left panel, the abundance of the channel mRNA within the olfactory 
epithelium is seen to decrease when the olfactory neurons are depleted 
from the tissue. N, RNA derived from normal olfactory epithelium; T, RNA 
derived from neuron-depleted olfactory epithelium 8 . In a separate experi- 
ment no signal was detected at the same exposure when the olfactory 
channel probe was hybridized to pofy(A)* rat retinal RNA (0.5 ^g) and the 
filter washed at high stringency (0.1 xSSC and OJ.% SDS) (data not shown) 
even though the close homology between the two channels might predict 



b Olfactory Channel Photoreceptor Channel 

Human Rat Mouse Human Rat Mouse 

PI Hilt ffl — HIHBamHI ffl mil U ri hi« ri Hitiaamm pi mhi 




a positive hybridization at lower stringencies, b. Genomic analysis of frag- 
ments that encode the rod channel and the olfactory channel in three species. 
RI, EcoRI; Hill, Mrndlll. The only restriction fragments with similar mobility 
are the rat Bam HI fragments. 

METHODS. Each lane of the RNA blot analysis contains 10 jjug total RNA. 
Membranes were prepared end Hybridized as previously described 23 with 
^P-labelled ficoRI fragment derived from the full-length cDNA dona Blots 
were probed for ribosomal RNA to ascertain that equal amounts of RNA 
were placed in each lane. For genomic DNA analysis, each lane contained 
10 fig digested DNA that was transferred to Hybond membrane (Amersham) 
and hybridized under the same conditions used to identify the initial olfactory 
clone (Fig. 1). 



FIG. 3 a, Membrane currents induced by cyclic nucleotides in an inside-out 
patch of plasma membranes excised from 293 human embryonic kidney 
ceils transf ected with the olfactory channel clone 3 cONA. Membrane poten- 
tial was +40 mV, and current flowing from the cytoplasmic to the extracellular 
side of the membrane is positive. The induced currents were all saturated. 
The slower decline of the current on removing a solution containing cG was 
due to the very low activation for cG. Bandwidth DC-10 Hz. Lower trace 
shows the time course of solenoid control for the solution changes; there 
was a lag of about 2 s between solenoid activation and the delivery or 
removal of cyclic nucleotide (see methods below). The cA+cG solution 
contained ImMof each nucleotide. Base solutions on both sides of patch 
had composition indicated by solution 2 in methods below, b. Normalized 
dose-response relations between activated current and Kgand concentration 
for the three cyclic nucleotides cA, cG and cC. Same patch as in a Filled 
symbols, +40 mV; open symbols; -40 mV. Smooth curves are fitted to the 
filled symbols and are scalings of the Hill equation, j/j^ = C n /(C n + 
with a coefficient n of 1.8 and values of 1.2 (cG), 39 (cA) and 
88 vlM (cC), respectively. 

METHODS. Transient transf ections 8 were performed as follows. The pCIS 
expression vector contains a cytomegalovirus (CMV) promoter preceding a 
polylinker site, a simian virus 40 (SV40) polyadenylation site and an SV40 
origin of replication. A fragment representing the complete olfactory channel 
cDNA done was inserted into the polylinker site of pCIS. The construct 
RSV-Tag contains the SV40 T antigen under the control of the Rous sarcoma 
virus (RSV) promoter. Expression vector DNA (5 fig) was mixed with 10 ng 
of Bluescript carrier DNA and 0.5 jig of RSV-Tag in 250 mM CaCI 2 in a 
volume of 250 >il This material was added dropwise to 250 of 2 x HEPES 
buffered saline. The solution containing the precipitate was then added to 
20% confluent 293 human kidney cells growing in DMEM with 10% FCS. 5% 
C0 2 . and Incubation continued for 5h, at which time the medium was 
aspirated, the cells washed in PBS and fresh medium added. Incubation then 
continued as indicated in the text. Cells were mock-transfected as above 
using the pCIS vector without insert. Electrical recordings were made with 
a List EPC-7 patch-clamp instrument at bandwidth DC-5 kHz. The recording 
pipettes were fabricated from borosilicate glass and had tip lumens of 
—1 fun. Seal resistance on establishment of a membrane patch was typically 
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Ligand concentration luM) 



of the order of 10 Gfl. Solutions were at pH *"* j mM 

glucose plus the following compositions. Ringt. . .nation lh 

140 mM NaCI, 5 mM KCI. 10 mM sodium HEPES, 2 mM CaCf 2 , 1 mM MgOa.- 
Ringer's solution without divalent cations (solution 2); 140 mM NaCI, 5 mM 
KCI, 10 mM sodium HEPES, 0.5 mM sodium EGTA. 0.5 mM sodium EDTA: 
pseuoointraceliular solution (solution 3): 145 mM KCI, 10 mM sodium HEPES, 
0.5 mM sodium EGTA, 0.5 mM sodium EDTA. Cyclic nucleotides were bath- 
applied using a solenoid-controlled rotary vah/e system 24 . 
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FIG. 4 Steady-state current-voltage 
relations for the expressed channel 
under different ionic conditions. In ail 
three cases 1.000 pW cA was present 
whicn fully saturated the current The 
experiment- consisted of making i-s 
voltage pulses at ±10 mV increments 
from a holding potential of zero, and 
the current at each voltage was 
measured at the end of the voitage 
pulse. A, Relation obtained in the 
absence of ligand (that is, background 
current): •, relation induced by ligand 
(that is, with the background relation 
already subtracted), a. Ringer's solution 
without dtvatents (see solution 2 in Fig. 
3 legend) on both sides of membrane. 
Straight line is fitted to points at nega- 
tive voltages and extrapolated to.posi* 
* tive voltages, b. Ringer's solution 
without divaJents in pipette and 

pseudointracellular solution (solution 3 in Fig. 3 legend) in bath. Again, the 
straight line is fitted to points at negative voltages and extrapolated to 
positive voltages. Both a and b represent results from the same patch as 





-30 



in Fig. 3. c. Ringer's solution with divaJents (solution 1 in Fig. 3 legend) in 
pipette and pseudointracellular solution in bath. Different patch from a and 
b. Dashed curve is a scaling of the equation y( W=e (v-151/17 & " 1 (see text). 



patch as in Fig. 3 a. From two patches, the average haJf-saturating 
concentration (K l/2 ) values at +40 mV were 1 .2 u,M (cG), 38 u.M 
(cA) and 88 *iM (cC), and the Hill coefficient was 1.9; at -40 mV, 
the K x/2 values, were about 10% higher, but the Hill coefficient 
was similar. From 12 other patches with physiological concentra- 
tions of divalent cations (solution 1 in Fig. 3 legend) on the 
extracellular side of the membrane, the JC l/2 values at +40 mV 
were 2.4±1.1 u.M (cG), 68±38 u.M (cA) and 123±32 u.M (cC), 
respectively, and the Hill coefficient was 2.0 ±0.2; at -40 mV, 
the K l/2 values were about 40% higher. These numbers are again 
broadly consistent with findings from the native channel in 
olfactory cilia 4 , except that the K l/2 ratio between cA and cG 
is about two for the native channel, compared with —30 for the 
expressed channel. At nonsaturating ligand concentrations, no 
desensitization or inactivation of the expressed channel was 
observed up to 20 s after ligand application at either positive or 
negative voltages. Finally, /-cii-diltiazem 14 at 0.5-1 mM reduced 
by half the current activated by 100 u.M cAMP (four experi- 
ments, data not shown). 

The current-voltage relation (filled circles) obtained at 
saturating (1 mM) cA concentration and with symmetrical 
Ringer's solutions without divalent cations is shown in Fig. 4a. 
Identical relations were obtained with 1 mM cG or cC. The 
relation is almost linear; the very slight upward curvature prob- 
ably reflects a small increase in the open probability of the 
liganded channel at positive voltages, as has been described for 
the rod channel 13,16 . Figure 46 shows, in the same patch, the 
current-voltage relation when most Na + in the bath solution 
(that is, cytoplasmic side of the membrane) was replaced by K + 
(solution 3, Fig. 3 legend). The current at negative voltages is 
practically identical to that in Fig. 4a, but the outward current 
at positive voltages is smaller, attributed to a slightly smaller 
conductance to K + . The reversal potential in Fig. 4b is +3 mV, 
with a mean of +4.5 mV from two experiments. On the basis of 
the Goldman- Hodgkin-Katz equation 17 , this reversal potential 
gives a P K /P N . permeability ratio of 0.82, similar to that 
observed for the native channel 4,18 . Figure 4c shows the current- 
voltage relation, from a different patch, with physiological 
Ringer's solution with divalent cations (solution 1) in the patch 
pipette and pseudointracellular solution (solution 3) in the bath. 
The relation is nearly linear at negative voltages, but shows 
outward rectification at voltages positive to the reversal poten- 
tial, reflecting a voltage-dependent block by divalent cations. 
The overall relation can be roughly described by a scaling of 
the function^ V) = ^ v ~ v ^ /V ^ x (dashed curve), where V t is the 
reversal potential and V 0 is the slope constant From four experi- 
ments, V r was 1 3 ± 2 m V and the best-fit V 0 values was 1 8 ± 1 m V. 

NATURE • VOL 347 • 13 SEPTEMBER 1990 



This relation with a similar V 0 also describes the behaviour of 
the cyclic-nucleotide-gated channel in rods under similar ionic 
conditions 6 . The above characteristics are consistent with 
observations from the odorant-regulated channel in intact olfac- 
tory neurons l8,19 , although excised patches from native ciliary 
membranes 4 give a fairly linear current-voltage relation even at 
positive voltages. 

In summary, the primary structure of a cyclic-nucleotide-gated 
channel from olfactory neurons has been deduced by cloning 
and DNA sequence analysis. The homology between this chan- 
nel and the cyclic-nucleotide-gated channel in retinal rods is 
consistent with their similar physiological properties. The 30-50- 
fold higher sensitivity of the olfactory channel 4 to cyclic nucleo- 
tides compared to the rod channel 12 * 13 may result from the 
araino-acid differences in the putative nucleotide-binding site 
of the two proteins, though this remains to be examined. We 
consistently found a K l/2 for cAMP of —40 u,M, but the K l/2 
for cAMP reported by Nakamura and Gold 4 was, curiously, 
bimodal, being —2 jaM and 40jxM, respectively. Modification 
of the expressed or the native channel could result in altered 
nucleotide affinities. In principle one might expect a high K l/2 
value to be physiologically appropriate, in that this allows the 
olfactory sensory neuron to be at rest at basal levels of cAMP, 
and excited when the cAMP concentration rises substantially 
in response to odo rants. □ 
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Cyclic nucleotide-gated (CNG) channels have been 
characterized as important factors involved in physio- 
logical processes including sensory reception for vision 
and olfaction. The possibility thus exists that a certain 
CNG channel functions in gustation as well. In the pres- 
ent study, we carried out reverse transcription-polym- 
erase chain reaction and genomic DNA cloning and 
characterized a CNG channel (CNGgust) as a cyclic nu- 
cleotide-activated species expressed in rat tongue epi- 
thelial tissues where taste reception takes place. Several 
types of 5'-rapid amplification of cDNA ends clones of 
CNGgust cDNA were obtained with various 5 '-terminal 
sequences. As the CNGgust gene was a single copy, the 
formation of such CNGgust variants should result from 
alternative splicing. The encoded protein was homolo- 
gous to known vertebrate CNG channels with 50-80% 
similarities in amino acid sequence, and particularly 
homologous to bovine testis CNG channel and human 
cone CNG channel with 82% similarities. CNGgust was 
functional when expressed in human embryonic kidney 
cells, where it opened upon the addition of cGMP or 
cAMP. Immunohistochemical analysis using an anti- 
body raised against a CNGgust peptide demonstrated 
the channel to be localized on the pore side of each taste 
bud in the circum vallate papillae, with no signal ob- 
served for degenerated taste buds after denervation of 
the glossopharyngeal nerve. All these results, together 
with the indication that cyclic nucleotides play a role 
gustatory signaling pathway(s), strongly suggest the in- 
volvement of CNGgust in taste signal transduction. 



Vertebrate sensory systems comprise several distinct organs, 
cell types, and cellular signalings. These systems share many 
common features in their transmission and amplification of 
signals intercellularly or intracellularly leading to sense trans- 
duction to the central nervous system. 

Vision is the most characteristic sensory process in verte- 
brates. Vision involves membrane receptors (rhodopsins) catch- 
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ing light, signal transducers such as transducin and phospho- 
diesterase, a soluble second messenger (cGMP), and membrane 
components such as a cyclic nucleotide-gated (CNG) 1 channel, 
all of which cooperate in the transduction of light signals to the 
central nervous system (1). Although this molecular apparatus 
is thought to be specific to vision, it is believed that similar 
signaling pathways exist for other sensory processes such as 
olfaction and gustation (2, 3). In olfactory neuron cells, olfac- 
tory receptors encoded by more than 1000 genes (4), a specific 
GTP-binding protein (G-protein) (Golf) (5), and a CNG channel 
(6) have been identified. One intriguing fact is that each 
olfactory neuron expresses one or a few receptor genes from a 
very large gene family, which strongly suggests that a certain 
receptor molecule determines the specificity for ligands 
(odor ants) (4). 

A similar situation has been implicated in taste chemorecep- 
tion. We have identified multiple seven-transmembrane recep- 
tors similar to olfactory receptors that may participate in gus- 
tatory signaling (7). We have also demonstrated by in situ 
hybridization (8) and immunostaining (9) that GUST27, a rep- 
resentative receptor, is closely related to known olfactory re- 
ceptors with a similarity of about 60% (8) and is expressed 
exclusively in taste buds and surrounding sites. An independ- 
ent group has reported similar receptors expressed in taste 
cells (10-12). McLaughlin et al. (13) and Ruiz-Avila et al. (14) 
have confirmed the expression of gustducin, a taste bud-spe- 
cific G-protein, and transducin in taste cells. 

Although many of the molecules present in olfactory and/or 
gustatory cells have not yet been proved to be involved directly 
in the intracellular signaling cascade, those that are homolo- 
gous to the visual signaling process may give rise to olfactory 
and gustatory sensations. Recently, the functions of various 
specific molecules have been revealed. Knockout mice lacking 
the olfactory CNG channel are insensitive to most odors (15), 
and those lacking gustducin show greatly reduced or some- 
times a complete lack of reactivity toward sweet and bitter 
tastants (16). 

As described above, CNG channels may be generally posi- 
tioned in the middle of the intracellular signaling pathway of a 
chemosensation. Despite that, there have been no reports of the 
existence or function of CNG channel(s) in the gustatory sys- 
tem, with the interesting exception that there is a cyclic nucle- 
otides uppressible conductance/channel in frog taste cells (17). 

In the present study, we carried out experiments aimed at 



1 The abbreviations used are: CNG, cyclic nucleotide gated; nt, nu- 
cleotide; RACE, rapid amplification of cDNA ends; HEK, human em- 
bryonic kidney; RT, reverse transcription; PCR, polymerase chain re- 
action; PBS, phosphate- buffered saline; bp, base pairls); kb, kilo base 
pair(s). 
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Fig. 1. Partial restriction map of the CNGgust gene. Restriction map of the rat gene over the extent of the genomic DNA clone A2 is shown. 
Identified exons of the CNGgust gene are boxed. Filled and open boxes show coding and noncoding regions, respectively. The position of the initially 
obtained RT-PCR clone (pch 12) is indicated below. Bam HI and Pstl fragments to be detected by genomic Southern analysis are shown above. B t 
BamHl; E, EcoW; H t Hindlll; S, Stul; and f\ Pstl. 



finding and characterizing a mammalian gustatory CNG chan- 
nel that is activated by cyclic nucleotides. The present report is 
the first that deals with a CNG channel occurring in taste buds. 
It also concerns the location of this gustatory CNG channel, 
CNGgust, on the pore side of each taste bud. Incidentally, it is 
noted that in this report CNGgust is sometimes specified as 
cyclic nucleotide-activated channel to distinguish it from the 
cyclic nucleotide-suppressible one (17). 

EXPERIMENTAL PROCEDURES 

RT-PCR — PolyCA"") RNA was isolated from the tongue epithelia of 
rat circuravallate papillae using oligo(dT) -cellulose. A first-strand 
cDNA was synthesized using oligcKdT) primer and a first-strand cDNA 
synthesis kit (Pharmacia). Two degenerate oligonucleotide primers, 
5'-GGITCIATGAT(ATC)TCIAA(TC)ATGAA(TC)GC-3' and 5'-AG<TC)- 
TTICCXTC)TC(TC)TTYGAT)AT(GAT)AT(GA)TACAT(TC)TC(TC)TT-3', 
were synthesized according to the amino acid sequences GSMISNMNA 
and KE MYIIKEGKL, respectively, which are commonly conserved in 
the COOH-terminal cytosolic region of known CNG channels. PGR 
amplification was performed using the primers (1 um each) and rat 
tongue epithelial cDNA as a template (45 s at 96 °C, 2 min at 45 °C, 3 
min at 72 °C, 50 cycles). The amplified DNA fragments of about 380 bp 
were excised and subcloned into pBluescript KS vector. To obtain clones 
for CNG channel, another oligonucleotide, 5'-GTCCAIA(GA)(GA)TA- 
(GA)TC(GA)AACCA(TC)TT(GAT)AT T AC-3' 1 was prepared as a probe 
according to the sequence VIKWFDYLW. 

Identification of the cDNA for CNG Channel Expressed in Rat Tongue 
Epithelia, Named CNGgust — To identify the cDNA corresponding to 
the RT-PCR fragment encoding the CNG channel named CNGgust, 
genomic DNA cloning and 5 '-RACE were carried out. One million 
plaques from a rat genomic DNA library (kindly supplied by Dr. E. 
Kominami, Juntendo University School of Medicine, Tokyo) were 
screened with the 33 P-labeled RT-PCR fragment encoding CNGgust. 
Hybridization was performed at 65 °C and washing at 65 °C in 0.1 x 
SSC containing 0.1% SDS. The positive clone obtained, designated A2, 
was subcloned into pUC18 vector and sequenced. 

5 '-RACE was carried out to determine the nucleotide sequence of the 
5'-end of the CNGgust cDNA as follows. Poly(A*) RNA from rat tongue 
epithelia was reverse-transcribed into cDNA using the antisense oligo- 
nucleotide primer 5 ' -TGAAGTGCAAGGTC-3 ' (+498 to +511 nt in Fig. 
2), which is included in the A2 genomic DNA fragment. An oligo(dA)-tail 
was added by terminal deoxyn ucleo tidy 1 transferase. The oligo(dA)- 
tailed cDNA was amplified (30 s at 94 °C, 1 min at 50 °C, 1 min at 72 *C, 
50 cycles) using an oligo(d T) primer, 5-GAGTCGACTCGAGAATTC- 
TTTTTrTTTTTTTTTTTTT-3', and a specific primer according to the 
nucleotide sequence of the A.2 genomic DNA fragment, 5'-GTTTCCA- 
CAGCCTCTTGG-3' (+470 to +487 nt, Fig. 2). The products were sub- 
cloned into a pUC 18 vector and sequenced. 

Amplification of the Open Reading Frame of CNGgust cDNA by 
RT-PCR — To obtain a full-length open reading frame of CNGgust 
cDNA, a random primed rat tongue epithelial cDNA was amplified 
using specific primers, 5 ' -TTC AGGATGC ATC AGATG-3 ' (-6 to + 12 nt, 
Fig. 2) of the 5'-RACE clone and 5 ' -GG ATCC AAC AACACTCTC-3 ' 
(+2183 to +2200 nt, Fig. 2) of the A2 genomic DNA fragment (30 s at 
94 °C, 1 min at 50 °C, 3 min at 72 °C, 50 cycles). 



Genomic Southern Analysis — A 10-/ig portion of rat genomic DNA 
(CLONTECH) was digested with restriction endonuclease, EcoRl, 
BamHl, or Pstl, electrophoresed, and transferred to a nylon niter. The 
filter was hybridized at 65 °C with the 32 P-labeled RT-PCR fragment 
encoding CNGgust (+961 to +1343 nt in Fig. 2) and then washed at 
65 *C in 0.1 x SSC containing 0.1% SDS. 

Expression of CNGgust in Cultured Cells and Electrophysiological 
Dissection — CNGgust expression plasmid pSRD-CNG was used for 
transient expression. pSRD-CNG was constructed as follows. pCNGgl 
containing a 2.5 kb-ZJamHT fragment of A2 was digested with Stul and 
5a/ 1, and ligated with a Stul and Sail fragment of a 5 ' RACE clone, 
pCNG5 r -l, to generate a 2.2-kb insert encoding the full length of the 
coding region. The insert (—6 to +1836 nt in Fig. 2) was amplified and 
subcloned into the pSRD vector, yielding pSRD-CNG. 

The transient expression of CNGgust was performed by transfecting 
the expression plasmid pSRD-CNG into human embryonic kidney 
(HEK) 293 cells using LipofectAMINE (Life Technologies, Inc.). pAd- 
VAntage (Promega) and a green fluorescent protein-expressing vector, 
pS64T-Cl (CLONTECH) were co-transfected with the expression plas- 
mid. Cells were cultured in Dulbecco's modified Eagle's medium sup- 
plemented with 105b fetal calf serum for 2 or 3 days. Electrical record- 
ings were performed using green fluorescent protein-expressing cells. 
The current was recorded from inside-out patches using an EPC-7 
amplifier (List Electronic) with the current filtered at 2 kHz. The 
pipette and bath solution used was 140 mM NaCl, 5 mM KC1, 0.5 mM 
EDTA, 0.5 mM EGTA, and 10 mM HEPES (pH 7.4). The inside-out patch 
was held at 0 mV in the bath solution containing cGMP or cAMP and 
stepped from -75 mV to +90 mV for 30 ms, increasing the voltage by 
15 mV every 1 s. The current was measured 5 ms before the ending of 
the voltage pulse. 

Preparation of an Anti-CNGgust Antibody — The COOH-terminal 15- 
mer peptide of CNGgust, FSPDRENSEDASKAD, was synthesized, and 
a cysteine residue was added to its NrL, terminus to conjugate the 
peptide to keyhole limpet hemocyanin. Rabbit antiserum was prepared 
by immunizing the synthetic peptide conjugated to hemocyanin. An 
anti-CNGgust antibody was affinity-purified by a peptide column. 

Immunostaining of Circumvallate Papillae — Rats were anesthetized 
and their tongues were rapidly excised. The excised tongues were im- 
mediately embedded in OCT compound (Tissue-Tek, Miles Labs.), fro- 
zen in liquid nitrogen, and serially sectioned at 5-fxm thickness. Sec- 
tions containing circumvallate papillae were thaw-mounted onto glass 
slides, air-dried, and fixed for 10 min in 10% formaldehyde/PBS. The 
sections were preincubated with normal goat serum and subsequently 
immunoreacted with a diluted solution of the affinity-purified anti- 
CNGgust antibody (1:100 in PBS) overnight. After washing with PBS, 
the slide was incubated with an fluorescein isothiocyanate-conjugated 
secondary antibody (1:100 in PBS) for 30 min and observed using a 
fluorescent microscope. 

Denervation Treatment — To promote degeneration of the taste buds 
in circumvallate papillae, the glossopharyngeal nerve was removed. 
This treatment was performed on 5-week-old male rats by the method 
described previously (18). Sections containing circumvallate papill 36 
were excised 6 weeks after denervation and used for immunostaining 88 
described above. 
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atccttattcagg 

1 atgcatcagatggaaacatcgaccatggtccaagacaacagQCTgK^^ 

MHQMETSTMVQDNRVSRFIISIRAWAARHL 



91 CACCATGAAGACCCGACGCCTGAC 
HHEDPTPDS 



ATCGTTTTCATGGAGCTCIAGCCTAAjGGA^ 
LDRFHGAEPKEVSSQERNAQ 



181 CCCAACCC^OC^GGACAOGAACCACCAGA^ 

PNPGGQEPPEGGKGRKKDPIVVDPSSNIYY 



271 CGCTSGCTGaCTGCCATCGCCCTCCCGG^ 

R W I* T A I Ah P V FYN WC LLVC.RAC 



\TGAGCTACAGTCAGAACAC 
PDELQSEH 



30 



90 



120 



361 cTGAeAcnTn^TCxri^ 

LTLWLVLDYSADALYV VDMLVRARTGPLEQ 150 

451 QGCCCAATGGTCAGGGAT AqCAAGJtfX 3CT^^ &rx*™rtJjn\<rrr*i™^^ 

GLMVRDTKRLWKHYTKTLHFKLDILSLIPT 180 

541 GACCTCGCTTATTTCAAGTTGOC^TGA 

DLAYLKLGMNYPELRFNRLLRFSRLFEFFD 210 

631 CGCACQGAGACAAGGACCAACTaCCXXA A T^^ 

RTET RTNYPNVFR IGNLVLYTLI I I HWNAC 240 

721 ATCTACTTTCC^TTTCCAAGTIC^ 

IYFAISKFIGFGTDSWVYPNTSKPEYGRLS 270 

811 AGGAAGTACATTTTACAGCXTTCTACTGGTCX^ 

RKYIYSLYWSTLTLTTIGETPPPVKDEEYL 300 



901 TTTGTGGTCATA 
F V V r D 



^l^i^tXXaCIATAGTAQGCAATCro 
FLVGVLIFATIVGNVGSMISNMNAS 330 



991 CQGGCGGAGTTCCAGGCrAAGAXAGATTCC^T^^ 

RAEFQAKIDSIKQYMQFRKVTKDLETRVIR 360 

1081 T^lTlUACraTCTGTBGGCTftACA^ 

WFDYLWANRKTVDEKEVLKNLPDKLKAEIA 390 



1171 ATCAAOGTGCACCIGGACACACTGAAGAAAGTC 



INVHLDTLKKVR 



F Q D C E A G 



LVELVLKL R 



420 



1261 CCTGCTCICTTCAQCCCT^ 

PAVFS PGDYI CKKGDIGREMYI IKEGKLAV 450 

1351 GTGGCTGACGAIXX3GGTC^«?CCAGI*ITO 

VADDGVTQFVVLSDGSYFGEISILNIKGSK 480 

1441 TCGGGGAACCGCAGGACAGCCAACAITCAGGAGCATC 

SGNRRTANIRSIGYSDLFCLSKDDLMETLT 510 

1531 GAGTACCCGGATGCTAAGAGGGCTXrrQG^^^ 

EYPDAKRALEEKGRQIIjMKDNL I DDDLVTA 540 

1621 AGGGCAGA1CCCAGGAACATCGAGGAGAAGGTO 

RADARNIBEKVEYLBSSLDGLQTRFARLLA 570 

1711 



EYSASQMKLKQRZ.SQLBSQMTRRGHGFSPD 600 

•CTGCTICCCAGQGCCAGCTQOCAGTGAGACACT 



1801 AGGGAGAATTCCGAGGATGCTTCAAAAGCTGACTG^ 
RENS EDASKAD* 



611 



1891 TTACAGCCTCGTGGTCAAGAGTTTtj ^ .™^^ ii ^ ruii 

1981 CCTCACCTAGGAAATGGGAC?rcATGCCTGCCAACXC 
2071 VVriXjG&PJSGA&IGAPA^^ 

Fig. 2. Nucleotide and deduced amino acid sequences of CNGgust. The sequence was obtained from a part of the Bam HI fragment of the 
£2 genomic DNA clone (+437 to +2200 nt) and one of the 5'-RACE clones (-13 to +487 nt). Nucleotide and amino acid residues are numbered 
based on the position of the methionine located at the 5 '-terminus in the 5'-RACE clone. Established intron positions in the A2 clone are indicated 

filled triangles. The nucleotide sequence corresponding to the RT-PCR clone (pen 12) is underlined, and the position of the an ti sense primer for 
5 -RACE is double underlined. The nucleotide sequence of the 5'-regional 5 4 -bp sequence that varies among 5'-RACE clones is indicated by 
lowercase letters. 

RESULTS corresponding to highly conserved sequences in the COOH- 

A CNG Channel Expressed in Rat Tongue Epithelia — We terminal cytosolic regions of known CNG channels were used 
first tried to obtain cDNA fragments encoding a CNG channel for the RT-PCR. Resulting products with the expected nucleo- 
by RT-PCR with mRNA prepared from the epithelia of rat tide lengths of about 380 bp were subcloned and screened with 
C1 rcumvallate papillae. Degenerated oligonucleotide primers an internal oligonucleotide probe corresponding to another con- 
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Fig. 3. Southern blot analysis with the CNGgust cDNA frag- 
ment. Total rat genomic DNA (10 /iff) was digested with EcoKl t BamHl t 
or PstV The blotted membrane was hybridized with the CNGgust cDNA 
fragment as described under "Experimental Procedures." The positions 
of the markers used are indicated. 

served CNG channel sequence. By this method, we isolated a 
clone, designated pen 12, encoding a part of the cyclic nu- 
cleo tide-binding domain (Figs. 1 and 2). From a data base 
search , the deduced amino acid sequence was found to be part 
of a CNG channel as a cyclic nucleotide-activated one, and so 
was named CNGgust. 

Determination of the Coding Region of CNGgust cDNA — 
Next, we tried to obtain a full-length cDNA for CNGgust. 
Because no appreciable expression of CNGgust mRNA was 
observed by Northern blot analysis even using 10 jig of poly- 
(A + ) RNA extracted from rat tongue epithelial tissues (data not 
shown), it was considered very difficult to obtain any positive 
cDNA clone from a conventional cDNA library. Therefore, we 
obtained a genomic DNA fragment to determine a part of the 
CNGgust cDNA and then carried out 5 '-RACE and RT-PCR. 

Since it is known that the 3' two-thirds of the cDNA for the 
human rod CNG channel consists of a single exon (19), a 
genomic DNA fragment containing a sequence of the RT-PCR 
clone (pch 12) was expected to code for the greater part of 
CNGgust. We then isolated a genomic DNA clone, termed A2, 
by screening with pch 12 as a probe. Restriction mapping, 
Southern hybridization, and sequence analysis indicated that 
the 2.5-kb BamHl fragment contained a pch 12 sequence (Fig. 
1) and that a single exon in this fragment encoded the COOH- 
terminal part of CNGgust, Phe 147 -Asp 611 (Fig. 2). It was also 
suggested that the fragment contained at least the 3'-noncod- 
ing sequence and that exon(s) encoding the NH 2 -terminal part 
should be split by intron(s). To determine the sequence of the 
5 '-terminal region of the CNGgust cDNA, we next carried out 
5 '-RACE using a specific antisense primer corresponding to 
+470 to +487 nt (Fig. 2). As a result, several 5'-RACE clones 
were obtained. All had the same 3 '-regional 446-bp sequence, 



but their 5 '-regional sequences varied (data not shown). This 
variation was thought to result from alternative splicing, since 
the CNGgust gene is a single copy as revealed by genomic 
Southern analysis which yielded a single band under stringent 
conditions for digestion with EcoRI, BamHl, and Pstl using the 
pch 12 insert (+961 to +1343 nt in Fig. 2) as a probe (Fig. 3). 
The lengths of the DNA fragments detected by genomic South- 
ern analysis were consistent with the restriction map of A2 
(Figs. 1 and 3). 

A comparison of the nucleotide sequence of the clone A2 with 
that of 5 '-RACE clones showed the partial organization of 
CNGgust gene. Two exons, 108 bp (+222 to +329 nt) and 107 
bp (+330 to +436 nt) in length, are located separately (Fig. 1). 

Fig. 2 shows the nucleotide and deduced amino acid se- 
quences of CNGgust cDNA. The nucleotide sequence was based 
on the \2 genomic DNA clone and the most abundant 5 '-RACE 
clones (-13 to +487 nt). Since the 5'-terminal CNGgust cDNA 
has not been definitely elucidated, the initiation methionine 
codon could not be assigned. The methionine residue in the 
most 5 '-terminal region was taken as the starting position for 
nucleotide and amino acid numbering. Although the 3'-end of 
the cDNA has not been elucidated, the 2206-nt sequence (—6 to 
+2200 nt) (Fig. 2) containing the termination codon and part of 
the 3'-noncoding region was contained in one of the mRNA 
species, because we obtained a 2206-bp product by RT-PCR 
using a primer set (-6 to +-12 nt and +2183 to +2200 nt in Fig. 
2) and random primed cDNA from rat circumvallate papillae. 

Structural Characteristics of CNGgust — CNGgust shares an 
overall structural similarity with other CNG channels. It con- 
tains 1) a central hydrophobic region comprising six mem- 
brane-spanning segments, 2) a pore-forming region that may 
determine ion permeability, and 3) a cyclic nucleotide- bin ding 
domain near the COOH terminus that locates in the cytosolic 
region. , CNGgust also contains two potential AT-glycosylation 
sites (Fig. 4). 

Fig. 4 shows an amino acid alignment of CNGgust with 
known CNG channels. Since the NH 2 -terminal sequence of 
CNGgust has not been definitely determined, a precise com- 
parison of the NH 2 -terminal regions is not achieved. In terms of 
overall homology, CNGgust shows the highest similarity (82%) 
to bovine testis CNG channel (20, 21) and the same degree of 
similarity to human cone CNG channel (22). However, it shows 
lower similarities (50-70%) to other CNG channels: 66% to rat 
olfactory CNG channel (6) and 63% to rat rod CNG channel 
(23). As for the central part ranging from the predicted first 
transmembrane region to the cyclic nucleotide-binding domain, 
where the highest similarity has generally been observed 
among known CNG channels, CNGgust has a similarity as 
high as 85% to the bovine testis and human cone CNG chan- 
nels, and a similarity of 60-70% to other vertebrate CNG 
channels. In the NH 2 - terminal region, on the other hand, CNG- 
gust lacks the 20-40 amino acids between Gly 74 and Arg 75 
when compared with bovine testis and human cone CNG chan- 
nels (Fig. 4). It should be noted that an intron is inserted in this 
position of the CNGgust cDNA (Fig. 2). 

Electrophysiological Function of CNGgust Expressed in HEK 
293 Cells — Since known cloned CNG channels are functional 
when expressed in cultured cells, we expressed CNGgust in 
HEK 293 cells and investigated CNG channel properties. As 
shown in Fig. 5, electrophysiological recording of CNGgust- 
expressing cells showed that the expressed protein in inside- 
out patches, although it may be missing the NH 2 -terminal 
region, can open when a cyclic nucleotide, cGMP and cAMP, is 
added. The current-voltage relationship was approximately lin- 
ear through the change in membrane potential (+90 to -75 
mV) at every nucleotide concentration tested (Fig. 5A). Th e 
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CNGgust 1: MHOMETSTMVOD-NR VSRPT T .q T R AWAARHT .HH 32 

Bov Tes 1 :MAKISTQYSHFrrRTHPSVRlMDRDIJ^ . L». . . L. . .S 0 90 

Hum Cone 1 : MAKThTIK^SHPSRTHLEVKTSDR^^ . FTG . GIA . L . . L. FLL . R V . . 90 

Rat Ol f 1 : M — MTEKSNGVKSS PANNHNHHPP PSIKANGKDDHRAGSRPQSVAADDDTS PEL^RLAEMDTPRRGRGGPQ . IV . LVGV . . D . . NKNFRE 88 

Rat rod 1 :M-K--T-ITCIOT-WHSFVNIPNWWAIEXE BSENEDSLFRSNSYR . .GPSQ. 70 

CNGgust 33 : EDPTP0SFLDRFHGAEPKEVSSQERNAQPNPGGQEPPEOGKG RKKDPIW 82 

Bov Tes 91:.. QR E. - R. . .LQ. . . . R. SHV. P. V. S. . . . DR . RSAWPtAF^Enjm^^EKDD^ 180 

Hum Cone 91 : Q.QG P...R...L S. . .A.V.S. . . ADR. RSAWPLAKCin wrSNNTEEE KKT K. . .A. . . 161 

Rat Olf 89: - E. R E. . R . P . LQT . TTHQGDDK . .KDGBGK.TK K.FELF.L 135 

Rat rod 71:.HYL. GTM. -LFN. NN5SN KD. DPK - KKKKK . EKKSKADDKKESKKDPEK-KKKKEKEKEKKKEEKPKEKKEEE . . EW . I 149 



CNGgust 83 : DPSSNIYYRWLTAIALFVFYNVK^ 172 

Bov Tes 181: M-.H. ..V. .V M I.. CM m.AS Q 270 

Hum Cone 162: L Y..I Y.M V. . .L.V S. .N. . .Q. .KT.TQ. . . 251 

Rat Olf 136:..AGDW FV. .M..L A SD..RNYFW FS .TV. IA.LII .L L .K. P.K.REN. IH. .Q. . . 225 

Rat rod 150: . . .G.M. .N. .PC.T. . .M. J _ A T>HIA DY.EY. .IF. .VS.W.LA. .F. .T. . .Y L. K. ELK. IEK. KAN.Q. . . 239 



CNGgust 173: DILSLI PTDLAYLKIXSMNYPELRFNRLI^^ I IHWNAC I YFAI SKFIGPGTDSWVY PMTS 262 
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CNGgust 263 : KPEYGKLSRKYIYSLYWSTLTi,TTIGETPPPVK^ 352 

Bov Tes 361 :N 450 

Hum Cone 342 : 1.. H V 431 

Rat Olf 316:D Y.A.E...C IF. ..I AV.H .S. 405 

Rat rod 330:D. .F. ..A...V L. S. . V. . .V. . . I I A SRV.A N. 419 



CNGgust 353 :DLETRVIRWF13YIVWANRKTTOEKEVLKNL 442 

Bov Tes 451: K S R 540 

Hum Cone 432: K S T K..*. 521 

Rat Olf 406:.M.AK..K T.K R A. .R. . . S Q r K. . ' . 495 

Rat rod 420:. M.K. ..K T.K R. . . RY R A Q-Q.Y .... 509 



====r==== cyclic nucleotide binding 



CNGgust 443 : IKEGKIAWADIX^rroFVVLSDGSYF^ S31 

Bov Tes 541: E..I G A -E. .K 629 

Hum Cone 522:. N A GQ. .K 611 

Rat Olf 496: YAL. .A. ,C M L AV - . . .KV. . . R. . E. " . EG 584 

Rat rod 510: I A K A -...TM G 598 



CNGgust 532 : LIDDDLVTARADARNIEEKVEYLE&SIJ^ NSE-DASK-AD 611 

Bov Tes 630: . . . EE.AK.G. . PKD H..T...S N_JC. . .V — VKM.LPPDG. AP QT. — ..-OP 706 

Hum Cone 612: . . . EE.AR.G. .PKDL Q.G. . . ,T N.T . . .M VKGGGDKPLADGE VPG-DATKTEDKQQ 695 

Rat Olf 585: .L.ENE. A.SMEV-DVQ. .L.Q. .TNM.T.Y TGA.Q ITV. .TK.KQNHEDDYLS.GI .TP-EPTA-.E 664 

Rat rod 599 : . L . XNIANLGS . PKDL* TRM.G.V.L I ESM.Q TKV. KFLKPLIETE. . ALE. PGGB. . PTE. LQG 683 

Fig. 4. Alignment of the amino acid sequences of CNGgust and other known CNG channels. Gaps are inserted to maximize matching 
Dots denote amino acid residues identical to CNGgust. Predicted transmembrane domains (Hl-H6) f pore region (/>), and the cyclic nucleotide- 
binding domain of the CNGgust protein are overlined (double-dashed lines). The NH a -terminal sequence of CNGgust, which varies among 5 '-RACE 
clones, is double underlined. The potential JV-glycosylation sites are underlined. Abbreviations are as followa: Hum Cone, CNG channel from 
human retina (22); Bou Tea, bovine testis CNG channel (20, 21); Rot Olf, rat olfactory CNG channel (6); and Rat Rod, rat rod CNG channel (23) 



half-maximal activation constant U& A ) at —60 mV was about 3 
MM for cGMP, whereas it was about 300 u.m for cAMP (Fig. 5£). 
The sensitivity to cGMP is about 100 times higher than it is to 
cAMP. Further, the current observed with saturating cAMP 
(10 mM) was 85% of that observed with saturating cGMP (100 
MM) (Fig. 5B). This ratio is similar to that reported by Biel et al. 
(21) for the bovine testis CNG channel. 

CNGgust in Taste Buds — We observed the expression of 
CNGgust mRNA in the circum vallate papillae by 5 '-RACE and 
RT-PCR. To determine the localization of CNGgust in tissue, 
immunostaining experiments were carried out using a poly- 
clonal antibody raised against the COOH-terminal peptide. 
Intense fluorescence was observed in each of the taste buds, 
especially on the pore side of the apical region where taste 
reception followed by initial intracellular signaling may occur 
(Fig. 6, B and C). To examine whether or not the expression of 
CNGgust depends on the presence of taste buds, tongue sec- 



tions from rats whose glossopharyngeal nerves connecting the 
tongue to the central nervous system had been destroyed were 
immunostained. The removal of this nerve is known to promote 
the degeneration of taste buds in the circumvallate papillae 
since regeneration no longer occurs (24). The taste buds disap- 
peared 6 weeks after denervation, and no CNGgust protein 
signal was observed in the corresponding region (Fig. 6D). 
These results indicate that our cloned CNGgust is expressed in 
taste buds. 

DISCUSSION 

In this study, we report the cloning of a CNG channel (CNG- 
gust) as a cyclic nucleotide-activated one from rat tongue epi- 
thelia. This is the first study identifying a CNG channel in 
mammalian gustatory organs. CNGgust is expressed in taste 
buds including the taste cells where gustatory reception takes 
place. Our findings thus strongly indicate the possible involve- 
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Fig. 5. Electrophysiological proper- 
ties of CNGgust. A, macroscopic cur- 
rent-voltage relations obtained by a cer- 
tain patch at several concentrations of 
cGMP. Recording from each patch gave 
almost the same results except for the 
maximal currents. B, dose-response rela- 
tionships observed at -60 mV for cGMP 
(□) or cAMP (O). Currents were normal- 
ized to that of 100 fjLM cGMP. All data are 
mean values obtained from three to five 
independent experiments. 
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Fig. 6. Localization of CNGgust in 
rat tongue circum vallate papillae. 
Sections taken from circumvallate papil- 
lae were treated with affinity-purified an- 
ti-CNGgust antibodies and FITC-conju- 
gated secondary antibody. Bright field (A) 
and fluorescent fields (JB-D) are indicated. 
A-C, circumvallate papilla from a normal 
rat (A and B, low magnification; C, high 
magnification); D, circumvallate papilla 
from a denervated rat without taste buds. 
CNGgust expression is visible as fluores- 
cent signals in the circumvallate papillae, 
especially on the pore side of the taste bud 
(B and O, but not detected in circumval- 
late papillae from the denervated rat (Z»- 



merit of CNGgust in the intracellular signal transduction of 
taste cells. 

CNGgust may consist of several variants judging from the 
results of 5 '-RACE. Since the CNGgust gene is a single copy 
gene (Fig. 3), this variation probably results from alternative 
splicing that gives rise to different 5 '-coding regions. Since the 
CNGgust derived from the most abundant type of 5 '-RACE 
clones was shorter than other CNG channels in the NH 2 -ter- 
minal region (Fig. 4), a full-length CNGgust species with an 
additional NH 2 sequence must exist. However, the CNGgust 



expressed in HEK cells, although not full-length, was func- 
tional as a cyclic nucleotide-gated channel (Fig. 5). 

Electrophysiological information concerning cloned verte- 
brate CNG channels is available. It has been reported that 
cAMP is not capable of activating rod CNG channels even when 
a high concentration of cAMP (1 dim) is applied (23, 25). On the 
other hand, cAMP can activate olfactory CNG channels, but the 
sensitivity for cAMP is about 30 times lower than that for 
cGMP (6). In our study, we showed that CNGgust responded to 
cAMP as well as to cGMP, although the sensitivity for cGMP 
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was about 100 times greater than that for cAMP in terms of the 
fa value (Fig. 5B). Recently, a CNG channel has been shown to 
function as a hetero-oligomer of a- and 0-subunits. The ac-sub- 
unit has been shown to function as a CNG channel in the 
absence of the /3-subunit. On the other hand, the /3-subunit, 
which has been cloned from rod outer segments, olfactory neu- 
rons, and testis, does not form any functional channel by itself 
(26-30). However, it has also been shown that the 0-subunit 
increases the sensitivity for cAMP when coexpressed with the 
a-subunit (28, 29). Thus the 0-subunit is considered to be a 
modulatory subunit. It is probable that the /3-subunit per se 
exists in taste cells to form an a-p hetero-oligomer with the 
a-subunit (CNGgust), and that the resulting oligomer shows a 
high sensitivity for cAMP, similar to that for cGMP. 

The involvement of CNGgust in the taste signaling process is 
strongly suggested by the following findings and knowledge. 
First, CNGgust is expressed specifically on the pore side of each 
taste bud in the circumvallate papilla (Fig. 6, B and C). In 
addition, this site-specific expression is dependent on the ex- 
istence of taste buds as shown by the denervation experiments 
(Fig. 6D), Second, it has been reported that taste buds contain 
a series of intrinsic molecules participating in the signal trans- 
duction cascade involving cyclic nucleotides. These are exem- 
plified by G-protein-coupled receptors (8, 10-12), gustducin/ 
transducin (13, 14), phosphodiesterase (14, 31), adenylyl 
cyclase/guanylyl cyclase (32, 33), and rhodopsin kinase (34). 
Third, it has been reported that the stimulation of taste cells 
with some sweet tastants increases their intracellular cAMP 
level (35). Taken together, the CNGgust characterized here 
may be an essential mediator in cAMP/cGMP-dependent taste 
signaling. 

Recently, Kolesnikov and Margolskee (17) have electrophysi- 
ologically demonstrated the occurrence of a cyclic nucleotide- 
suppreseible conductance/channel in frog taste cells. In con- 
trast is our finding that CNGgust, as well as many other CNG 
channels, is activated in the presence of cyclic nucleotides. It 
may therefore be appropriate to distinguish CNGgust by des- 
ignating it as a cyclic nucleotide-activated rather than gated 
channel. However, it remains unclear whether a similar sup- 
pressive channel occurs in rat taste cells or if it is just intrinsic 
to frogs. If such a channel resides in mammals as well, the 
possibility exists that both positively and negatively controlled 
pathways are together involved in mammalian taste signaling, 
and it will be extremely interesting to define each of them at 
the molecular level. 
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ABSTRACT Cyclic nucleotide-gated Ionic channels in pho- 
toreceptors and olfactory sensory neurons are activated by 
binding of cGMP or cAMP to a receptor site on the channel 
polypeptide. By site-directed mutagenesis and functional 
expression of bovine wild-type and mutant channels in Xenopus 
oocytes, we have tested the hypothesis that an alanine/ 
threonine difference in the cyclic nucleottde-binding site deter- 
mines the specificity ofiigand binding, as has been proposed for 
cyclic nudeotide-dependent protein kinases [Weber, I. T , 
Shabb, J. B. & Corbin, J. D. (1989) Biochemistry 28, 6122- 
6127]. The wild-type olfactory channel is ^25-fold more sen- 
sitive to both cAMP and cGMP than the wild-type rod photo- 
receptor channel, and both channels are 30- to 40-fold more 
sensitive to cGMP than to cAMP. Substitution of the respective 
threonine by alanine in the rod photoreceptor and olfactory 
channels decreases the cGMP sensitivity of channel activation 
30-fold but little affects activation by cAMP. Substitution of 
threonine by serine, an amino acid that also carries a hydroxyl 
group, even improves cGMP sensitivity of the wild-type chan- 
nels 2- to 5-fold. We conclude that the hydroxyl group of 
Thr-560 (rod) and Thr-537 (olfactory) forms an additional 
hydrogen bond with cGMP, but not cAMP, and thereby 
provides the structural basis for ligand discrimination in cyclic 
nudeotide-gated channels. 

Cation channels that are directly gated by guanosine 3' 5'- 
cyclic monophosphate (cGMP) control the flow of ions across 
the surface membrane of vertebrate rod and cone photo- 
receptor cells (1, 2; for review, see refs. 3 and 4). A similar 
cation channel exists in vertebrate olfactory sensory neurons 
(5). Between the rod photoreceptor and the olfactory channel 
«=74% of the aligned positions are occupied by identical or 
conserved amino acid residues (6-8). A single region near the 
C terminus of the channel polypeptides, comprising =80-100 
amino acid residues, exhibits significant sequence similarity 
toboth cGMP-binding domains of cGMP-dependent kinases 
(cGKs) (6). The sequence similarity is less pronounced 
between the corresponding regions of the channels and of 
cAMP-dependent kinases (cAKs) or of the catabolite gene 
activator protein of Escherichia coli. The comparison sug- 
gests that the channel polypeptides carry a Ugand-binding site 
that is structurally similar to that of other cAMP- or cGMP- 
binding proteins. 

A threonine residue is invariant in the two cGMP-bindinE 
^^?!^? G * S **** is e * cha "ged for an alanine residue in 23 
of 24 cAMP-bmding sites in cAKs (9). The mammalian rod and 
olfactory cyclic nucleotide-gated channels contain a threonine 
residue at this particular position (6-8; Fig. 1). ft has been 
proposed that this alanine/threonine difference might have been 
important in the evolutionary divergence of cyclic nucleotide- 
binding sites and that it provides the structural basis for discrim- 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C §1734 solely to indicate this fact 



mating between cAMP and cGMP (9). We tested the validity of 
this hypothesis for cyclic nucleotide-gated channels by mutagen- 
esis and expression of wild-type and mutant channels from rod 
photoreceptors and olfactory epithelium. 

MATERIALS AND METHODS 

Construction of Recombinant pCHOJLF102. PCR (13) was 
done with pCHOLFlOO (8) as template and the following 
primers: a 5' adapter primer [containing an EcoRV restriction 
site, a consensus sequence for eukaryotic ribosomal-binding 
sites (14), and the first nine nucleotides from the coding 
region of CHOLF100] and a gene-specific 3' primer. The 
£coRV/i>raIII-digested PCR product replaced the corre- 
sponding fragment of pCHOLFlOO to yield pCHOLFlOl. 
The insert of pCHOLFlOl was subcloned into a pT7T3 
vector to yield pCHOLF102. 

Site-Directed Mutagenesis. The point mutations at positions 
560 and 537 of the rod and olfactory channel polypeptides, 
respectively, were introduced by PCR procedure (13) with 
synthetic oligonucleotides containing the desired nucleotide 
substitutions. 

Rod-channel mutant T560A was constructed by the method of 
Hemsley et aL (15). A circular plasmid with the wild-type 
rod-channel sequence from pRCGl (6) was amplified by a pair of 
primers located "back-to-back" on opposite DNA strands. The 
resulting PCR product was recirx^ilarized and digested with Nsi 
I and Sty I. The corresponding Nsi ISty I fragment in pRCGl 
was replaced by the mutated fragment to create pT560A. For the 
construction of rod-channel mutant T560S, we took advantage of 
a newly introduced Cla I restriction site near codon 560 in 
pT560A. A PCR fragment was produced by using a mutagenic 
and a complementary primer and linearized pT560A as template. 
The Nsi l-Cla I fragment containing the mutation was exchanged 
for the corresponding Nsi l-Cla I fragment of pT560A to generate 
pT560S. 

Both olfactory-channel mutants T537A and T537S were 
constructed by combining two overlapping PCR fragments 
with the aid of newly introduced restriction sites at the locus 
of mutation (BssHIl for pT537A and Rsr II for pT537S) and 
other suitable restriction sites in the plasmid. pCHOLF102 
was used as template. All mutations were verified by se- 
quencing of the entire insert with the dideoxynucleotide 
chain-termination method. 

• Functional Expression. mRNA specific for the rod- 
photoreceptor channel, the olfactory channel, and the mutant 
channels was synthesized in vitro (16) by using the respective 
linearized plasmid cDNA as template. Transcription was 
primed with the cap dinucleotide 7-methylguanosine(5')- 
triphospho(5')guanosine (0.6 mM) (17). Macroscopic current 
measurements on excised inside-out patches (18-20) were 
made after injection of mRNA into Xenopus oocytes (mRNA 

Abbreviations: cAK, cAMP-dependent kinase; cGK, cGMP- 
dependent kinase; /. current; /- V, /-voltage; n, Hill coefficient; Kjj2, 
half-saturating concentration; maximum /. 
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OGITQI^r^D2syFS2lSIU<IKGSKAGNRRTANIKSICYSOI^CI£ 
TCVTQYAI4^AGSCFGEISILNIKGSKMGNRRTANIRSLGYSDLFCLS 

G VKIiCTHG PGKV FG E LA I I>Y ^CTRTATVKTLVMVKLWAID 

EDPVFLRTU3KGDWFGEKALQG EDVRTANVIAAEAVTCLVID 

--NEHATS VGEGGS FGELALI Y GTPRAATVKAKTKVKLWGID 



(575) 
(552) 
(192) 
(316) 
(225) 




Fio 1 (A) Comparison of the aligned amino acid sequences 
of i«rts of *e cyclic nucleotide-binding she of several cyclic 
nuSte-bi^ing proteins (for details, see ref 10). ^Position 
nf^oredicled^ructure of 0-strands of the binding-site model 
t rtf life MtaS "by barsknd numbers. Arrowhead ind.cates 
p^sniouof "changed threonine residue, and ^tensks ind.- 
Sfcrtcd residues. Numbers fa. P-entheses refer* tatag 
Anm ~: n i or 2 Sequences are from refs. 6, 8, 9, ana ii. w 
PrSeS sTusof^oW between cGMP and the binding s.^ u. 
cGKslad cycHc nucleotide-galed channels. HypotbeUca^ hydro- 
gen bonds are indicated by interrupted lines (adapted from ref 
!»• numbers refer to position of amino acrf res.dues in tte 
Sue^e of the photoreceptor (olfactory) channel pepttde. .The 
hydrogen bond marked by a question mark most Likely .s not 
involved in cAMP or cGMP binding. 



concentration, 0.4 p/* ^^/^"^tn^aXs 
oocvte »50 nl) and incubation for 2-3 days in w™> » 
31 Oocytes were prepared for recordingby standard 
Siques (20, 21). The solution , « the Pt^. and *e 

perfusion medium ^ ,n ^^^ 2 KsS 
prsTA-KOH and 10 mM Hepes-KOH (pH 7.Z). J-ipewes 
^tvese'aJ resistances of 0.2-90 GO. Mac^.c cur- 
rents across excised inside-out patches were re^ed«"der 
vrftoge-clamp conditions. Voltage ramps were delivered as a 
Set^mV, 56-80 mV/sec) -Membra cune* was 
^w-pass filtered (50 Hz, 8-pole Bessel filter. 1 fo£»cy 
L^vices! Haverhill, MA) and continuously recorded on-bne 
friClamD 5 5. Axon Instruments, Buriingame, t-Aj. 
^Cytoplasmic face of the excised membrane patchwas 
suJSedby using one or two concent™ 
fuseTglass pipettes (i.d., ^ am; IJg^^J^ 
F R.G.) each having an opening diameter ot 3U-/u 
Lfutions flowed from each 

and a membrane patch could be exposed to a P"^*" 
sdution^Xn =100 msec by moving the mouth of the port 
S a computer-controlled micromanipulator to the patch 

Dinette. The bath temperature was 18-23^. 

P Oirrent was measured with a vutual ^^^^Vr 
converter (L/M-EPC-7. List Electronics, £matao% 
STrreXvoltage relations (/-V) were recorded m the ^conttql 
fScurr«.0and different test solutions ««temmg «*-*2t£ 
M^LL currents [typicaUy O- 3 " 2 ^™^^^ 
£"~M recorded without ligand were subtracted from currents 
m^urcd^hKgand: Each I-V curve represents the average of 
three consecutive voltage ramps. 

RESULTS 

Expression of Wild Type Channel. Photoreceptor channel- 
,SmRNA derived by in vitro transcription from clone 
3c£ dfref. 6 gave rise to cGMP-stimulated channel 
S a^Hnjectiln into Xenopus oocytes (Fig. 2A. ^0- 
SjMP stimulated currents were not* *^£JT < SS2? 
natches of uninjected or water-injected control oocytes. 



complete 5' noncoding region and contained a consensus 
sSnce for a eukaryotic ribosomal-binding site (see Mate- 
Tu a^ Methods) rise to cyclic nucleotide-stunulated 

CU Su^ci^r^at°saturating cGMP concentrations typi- 
J^ariTbSS nA and 13 nA at +80 mV were largely 
Srforbothchannel species. Ckcas.oiiaUy arnphtudes of 
SuMbe as low as a few picoamperes ™ |J* 

seasonal or temporal variations in the quality of ooc^^In^e 
roo^nr^ satn^cA^ 

that was sl7% of the maximum amplitude of cOMPrsamuiaiea 
whereas in the olfactory channel both cy^hcnucleo- 
nd^prcduced the same l M amphtudes. ^ ^er^ce be- 
rweln tte rod and olfactory channel with respect to activation by 
cS wasZautatively preserved in all mutant channels. Sunflar 

of amphibian rod-photoreceptor and ob^ry ^nel 
Ttaresult suggests that the open state of the c AMP-teuided rod 
cSsdS from that of the olfactory channel 
^ta 2 shows the relation between ///„» and cGMj» or 
«-avtp concentration for the rod and olfactory wild-type 
c£fnne FfZ Salon, half-saturating concentration 
(S valSor cAMP and cGMP of the rod channel are 
indited by small arrows in Fig. 2B. Mean values i of K X n and 
SlS^ent W to *£»^££S%tt 

rvfo-^ahigherd^of^ 

channel («cgmp - z.^, «camp \ n m = ig\ The 
ohotoreceptor channel (hcgmp = 17 » Jamp a 
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Fjg. 2. Ligand sensitivity of normalized currents of wild-type channels. Smooth curves represent a least-square-fit of the Hill equation 
///max = cT/W + Ki/2 0 ) to the experimental data, where c = concentration of the ligand. Normalized currents ///^ were determined from 
current amplitudes at +80 mV of /-K curves similar to those shown in Insets. (A) Rod-photoreceptor channel; cGMP; A, cAMP- Kin (cGMP) 
- 28.0 ± 1.0 tiM' n = 2 0± 0.1; K l/2 (cAMP) = 1849 ± 200 /iM; n = 1.64 ± 0.1; data points for cAMP come from two different patches. (*) 
Olfactory channel; a, cGMP; a. cAMP; K in (cGMP) = 1.5 m 0.03 fiM; « «= 2.2 ± 0.1; K 1/2 (cAMP) = 64 ± 1.8 ,*M; n = 2.9 ± 0.2. Arrows 
indicate the JC1/2 constants for cGMP (•) and cAMP (o) of the rod channel. (Insets) Series of /-V recordings in the presence of different cGMP 
concentrations. (A) Trace 1, 10 /iM; trace 2, 25 fiM; trace 3, 50 ^M; trace 4, 100 fM; trace 5, 500 /iM; and trace 6, 1000 fiM; pipette resistance 
4 Mil. (B) Trace 1, 0.5 M M; trace 2 t 1 /*M; trace 3, 2 *M; trace 4, 3 ftM; trace 5 t 10 /iM; and trace 6, 25 /tM; pipette resistance, 3.5 MO. 



from those of the wild-type channels (Fig. W> Inset), sug- 
gesting that the electrical and the underlying structural prop- 
erties of the channels are preserved by these mutations. 
However, we have not yet tested the electrical properties on 
a single-channel level. 

Upon replacement of Thr-560 by alanine in the rod chan- 
nel, the K1/2 constant for the activation by cGMP increased 
~30-fold (from 32.6 to 939 ftM), whereas the activation by 
cAMP remained almost constant (Fig. 3/1). The n values of 
activation were not significantly changed. The T537A mutant 
of the olfactory channel behaved similarly: the cGMP sen- 
sitivity of channel activation was decreased « 40-fold (from 
1.4 to 53.0 mM), whereas the cAMP sensitivity increased 2- 
to 3-fold (Fig. 3B). Again, the cooperativity of the channel 
activation was not influenced by the threonine/alanine ex- 
change (see Table 1). The K 1/2 constants for activation by 
cGMP in the T537A (olfactory) mutant and by cAMP in the 
wild-type channel became identical (compare thick line/filled 
symbols with thin line/no symbols in Fig. 3B). 

Table 1. K\p. and n of wild types and mutants 



Repfacenient of Thr-560 (Rod) and Hir-537 (Offoctuy) by 
Serine. If the hydroxy! group of the 560 or 537 residue is of critical 
importance, replacement of Thr-560 or Thr-537 by a serine 
residue should yield mutant channels with a ligand specificity 
similar to that of the respective wild-type channels. Surprisingly, 
tbeT560S mutant of the rod channel was activated at 5- to 6-fold 
lower cGMP concentrations (K in = 6.4 /iM) than the wild-type 
rod channel (see Table 1). The T537S mutant of the olfactory 
channel was also 2-fold more sensitive to cGMP than the wild- 
type channel. The cAMP sensitivity of T560S was slightly 
decreased, and that of T537S was slightly increased. These 
results support the notion that a hydroxy! function in the amino 
acid residue at position 560 (and 537) is important for recognition 
of cGMP but not of c AMP. 

DISCUSSION 

The rod-photoreceptor channel is more sensitive to cGMP 
than to cAMP and contains a threonine residue at a particular 



Rod-photoreceptor channel 



Olfactory channel 





Kin* /*M 


n 


Ai/2, fiM 


n 


WT 










cGMP 


32.63 ± 13.32 


1.66 ± 0.56 


1.36 ± 0.37 


2.40 ± 0.64 


cAMP 


[15.67-53.57 (11)] 


[0.95-2.65J 


[0.89-2.39 (15)] 


[1.4W.43] 


1210 ± 300 


1.81 ± 0.93 


53.73 ± 15.05 


2.59 ± 0.87 


Thr-* Ala 


[850-1580 (3)J 


[1.05-3.12] 


[28.24-72.78 (6)} 


[1.81-4.23] 






cGMP 


940 ± 140 


1.73 ± 0.44 


53.03 ± 16.04 


1.98 ± 0.56 


cAMP 


[755-1265 (9)) 


[1.35-2.78] 


[33.38-77.74 (8)] 


[1.25-2.89] 


2750 ± 910 


1.60 * 0.27 


16.29 ± 3.69 


2.07 ± 0.54 


Thr-» Ser 


[1980-4030 (3)1 


[1.28-1.94] 


[10.90-25.94 (15)] 


[1.36-3.44] 


cGMP 


6.40 ± 1.01 


2.29 * 0.19 


0.69 ± 0.15 


2.59 ± 0.54 


cAMP 


[4.68-8.23 (8)1 


[1.94-2.58] 


[0.55-0.95 (6)] 


[1.46-3.07] 


2240 ± 330 


1.93 ± 0.10 


13.87 ± 3.73 


1.51 * 0.37 




[1900-2690 (3)] 


[1.79-2.02] 


[10.17-18.98 (3)] 


[1.23-2.03] 



Data are 
parentheses. 



presented as means ± SDs. Ranges arc in brackets; number of experiments are in 
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Fig. 3. Ligand sensitivity of normalized currents 1/lmax of mu- 
tant channels. The smooth lines without symbols represent the fitted 
dose-response curves of wild-type channels for cGMP (thick lines) 
and cAMP (thin lines). (A) T560A rod mutant: a, cGMP; a, cAMP. 
K 1/2 (cGMP) = 1038 ± 30 /*M, n = 1.8 ± 0.1; K in (cAMP) = 2250 
± 150 /iM, n = 1.9 ± 0.2. (B) T537A olfactory mutant: A, cGMP; A, 
cAMP. K m (cGMP) = 62.2 ± 0.3 /xM, « = 2.3± 0-03; K xn (cAMP) 
= 16.4 ± 1.3 /*M, « = 2.0 ± 0.3. (//w*r) I-V curves from olfactory 
wild type (trace 1), T537A mutant (trace 2), and T537S mutant (trace 
3) at saturating cGMP concentrations (scaled to I-V of wild type at 
+80 mV). 

position in the cyclic nucleotide-binding site that is also 
conserved in cGKs but not in cAKs. Thus, the rod- 
photoreceptor channel by these criteria is a cGMP-gated 
channel. Surprisingly, the expressed olfactory channels from 
rat (7) and bovine tissue (this paper) are also much more 
sensitive to cGMP than to cAMP and exhibit a higher degree 
of sequence similarity to the cGMP-binding region of the rod 
channel and of cGKs than to the respective cAMP-binding 
domain of cAKs. Thus, by these criteria the olfactory chan- 
nel has also a cGMP-specific binding site, even though cAMP 
most likely represents the physiologic ligand of the olfactory 
channel (24, 25). The available evidence does not support a 
similar role for cGMP in olfactory transduction (26). 

The hypothesis by Weber et al. (9) predicts that a threonine 
residue enhances cGMP binding by forming a hydrogen bond 
with the guanine 2-amino group of cGMP, whereas nd such 
interaction can occur with cAMP. Specifically, the Ky 2 
constants for cGMP and cAMP should become similar in the 
threonine/alanine mutant channels if the difference in bind- 
ing affinity is caused by the threonine-ligand interaction 



alone. The experimental results described in this paper are 
consistent with these basic features of the hypothesis. The 
similar cAMP sensitivity of wild-type and mutant channels 
argues against the possibility that the decrease in cGMP 
sensitivity in the threonine/alanine mutants might be caused 
by some unintended structural perturbations that propagate 
through the entire binding site. 
Optimal hydrogen bonding requires the collinear alignment 

of the donor and acceptor group -O-H N (27). The methyl 

group at C fi in threonine might restrict rotational freedom 
around the C a — C# axis of the amino acid and thereby prevent 
optimal alignment of the atoms that form the hydrogen bond. 
Serine contains a hydrogen atom instead of a methyl group at 
C^, and formation of a collinear hydrogen bond might be 
facilitated. 

From the ratio of half-saturating cGMP concentrations 
Ki/2 between a binding site that can form an "optimal* ' 
hydrogen bond (T560S mutant) and a binding site that lacks 
this possibility altogether (T560A mutant), a difference in the 
incremental Gibbs free energy ACb of *«-3.0 kcal/mol is 
calculated according to the equation: 

AG* = RT \v[K l/2 (T560S)/^ 1/2 (T560A)]. 

This difference is quantitatively similar to the free energy of 
hydrogen bond formation (>3-6 kcal/mol), supporting the 
notion, but not proving it, that the higher cGMP sensitivity 
results from an additional hydrogen bond. 

Experiments similar to those presented here have not yet 
been performed in other cGMP-binding proteins — for exam- 
ple, cGK. Shabb et al. (12), however, reported an increase in 
cGMP binding by introducing a threonine for an alanine 
residue in one of the two cyclic nucleotide-binding sites of the 
regulatory subunit of cAK — i.e., the reverse of the mutations 
introduced into the channel proteins. Our results are quali- 
tatively similar to those obtained in cAK but differ in some 
quantitative aspects. For example, a mutant of cAK in which 
an alanine was replaced by serine, does not bind cGMP as 
strongly as the respective alanine/threonine mutant (12), and 
the alanine/threonine mutant still prefers binding of cAMP 
over cGMP. 

Functional expression of mutant cyclic nucleotide-gated 
channels is particularly suitable for the study of structural 
features of the ligand-binding site. These channels are homo- 
oligomers (28) that contain only one cyclic nucleotide-binding 
domain per monomer (6~), whereas the regulatory subunits of 
cAK and cGK contain two kinetically different ligand- 
binding sites. The cyclic nucleotide sensitivity and specificity 
of mutant binding sites in channels can be accurately deter- 
mined in situ in excised membrane patches, whereas the 
regulatory subunit-cAK mutants need to be purified after 
expression for a functional or a binding assay (12). 

The threonine/alanine difference is only one among sev- 
eral factors that determine the absolute binding affinity. 
Apparently, there are at least two different levels of struc- 
tural organization of cyclic nucleotide-binding sites. The first 
level involves an invariant sequence pattern of amino acids 
shared by all cyclic nucleotide-binding sites (10): [NDE- 
QRK]G[DEA]X[AG]XXX[FY]XXXXG{15~35}GE{5-20}- 
R[ATSQ]A. X can be any. amino acid, tetters in brackets 
denote alternative amino acid residues at the relevant posi- 
tion, and numbers indicate the variable number of intervening 
residues. We define this sequence motif as the "core" of the 
binding site. The highly conserved arginine and glutamate 
residues (see Fig. 1) have been shown in catabolite gene 
activator protein to interact with the cyclic, phosphodiester 
and the ribose moiety, respectively. At this level, a threonine 
residue increases cGMP affinity by formation of an additional 
hydrogen bond. In contrast, binding of cAMP to 8AK does 
not involve hydrogen bonds with the adenine ring but differ- 



9872 Neurobiology: AJtenhofen el al. 



Proc. Natl Acad. ScL USA 88 (1991) 



cnt mechanisms such as stacking interactions or van der 
Waals forces (for review, see ref. 29). Depending on the 
relative contribution of each interaction mechanism, it is 
conceivable that cyclic nucleotide-binding sites might exist 
that contain a threonine residue but which are more sensitive 
to cAMP than to cGMP. In this respect it will be interesting 
to determine the amino acid sequence of cAMP-specific 
channels (30, 31). For the rod-photoreceptor and olfactory 
channel, however, we were able to show that the threonine/ 
alanine exchange is sufficient to establish the physiological 
range of nucleotide selectivity. 

At a second levels interaction between the core of the 
ligand-binding site and other parts of the same or a neigh- 
boring subunit mediates activation of the channel. It affects 
the activation constant independently of the ligand species 
and might account for the absolute difference in sensitivity 
between the rod-photoreceptor and the olfactory channel. In 
fact ^ the K1/2 constant of a chimeric rod channel that contains 
the binding region of the olfactory channel is identical with 
that of the wild-type rod channel. An analogous result was 
obtained with the respective olfactory channel chimera (un- 
published observation). The importance of interactions be- 
tween the binding site and other parts of the polypeptide for 
binding and activation has been also demonstrated in cAK, 
cGK, and cataboh'te gene activator protein (11, 32-35). 
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Gottingen, F.R.G.) for help and advice with the oocyte expression 
system and for critical reading of the manuscript. We also (hank A. 
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work was supported by a grant from the Deutsche Forschungs- 
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The extracellular calcium (Ca 2+ 0 )-sensing receptor 
(CaR) is a G protein-coupled receptor that plays impor- 
tant roles in calcium homeostasis. In this study, we em- 
ployed epitope tagging, cell-surface biotinylation, and 
inxmunoprecipitation techniques to demonstrate that 
the CaR is expressed mostly in the form of a dimer on 
the surface of transfected human embryonic kidney 
(HEK293) cells. Western analysis of cell-surface proteins 
under nonreducing conditions showed that the CaR ex- 
ists in several forms with molecular masses greater than 
200 kDa. Most of these high molecular mass forms of the 
receptor could be converted to a single monomelic spe- 
cies at 160 kDa under reducing conditions. This result 
suggests that the CaR forms dimers or even higher oli- 
gomers on the cell surface through intermolecular disul- 
fide bonds that are sensitive to reducing agents. Consist- 
ent with this hypothesis, use of a cell-surface cross- 
linking agent substantially increases the proportion of 
the putative dimeric CaR at 280 kDa relative to the 
monomeric form of the receptor at 160 kDa under reduc- 
ing conditions. Dimerization of the CaR in intact cells 
was farther demonstrated when we co- transfected and 
co-immunoprecipitated the wild type, full-length recep- 
tor and a truncated form of the CaR lacking its cytoplas- 
mic tail. Taken together, we conclude from these results 
that the functional CaR resides on the cell surface of 
transfected HEK293 cells in the form of a dimer. 



The extracellular calcium (Ca 2+ e )-sensing receptor (CaR) 1 is 
a G protein-coupled receptor (GPCR) (1). Activation of the CaR 
by elevated levels of Ca 2+ C stimulates phospholipase C and 
raises the cytosolic calcium concentration (Ca 2 %). The physio- 
logical importance of the CaR in determining the level at which 
Ca 2+ D is set in vivo has been documented by the characteriza- 
tion of human syndromes resulting from activating or inacti- 
vating mutations of the CaR, which alter the function of para- 
thyroid and kidney so as to produce hypo- or hypercalcemia, 
respectively (2, 3). 

The function and expression of the CaR have been assessed 
in transiently transfected human embryonic kidney cells 
(HEK293) (4-9). CaR-transfected HEK293 ceils respond to 
Ca 2+ 0 with an EC^ of 4.1 ±0.1 mM (the effective concentration 
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of Ca 2 * 0 producing one-half of the maximal Ca 2+ ( - response). 
The concentration-response curve for the Ca 2+ D -elicited Ca 2+ £ 
responses in CaR-transfected HEK293 cells exhibits a rela- 
tively high Hill coefficient of about 3. This large Hill coefficient 
suggests a substantial degree of positive cooperativity in the 
binding of ligand and/or G protein by the CaR, which may 
involve intra- or intermolecular interactions (e.g. via formation 
of homodimers); namely, binding of the first ligand or G protein 
increases the affinity of the second ligand or G protein. Inter- 
molecular interactions leading to cooperativity, for example, 
could result from dimerization of GPCRs (e.g. as for the mus- 
carinic receptor and rhodopsin), which has been suggested as 
the molecular basis for cooperativity in the binding of their 
respective agonists (10, 11) or G proteins (12, 13). 

Our earlier biochemical studies had shown the presence of 
considerable amounts of CaR-specific, high molecular mass 
immunoreactivity by Western analysis, in addition to the pu- 
tative monomeric form of the receptor, in membrane proteins 
prepared from both CaR-transfected HEK293 cells and native 
parathyroid cells (4). These high molecular mass species likely 
correspond to dimeric and trimeric CaRs. The presence of di- 
meric forms of the CaR has also recently been described in 
detergent extracts prepared with the inner medulla of the rat 
kidney (14). 

A structurally related GPCR, mGluRS, forms homodimers 
via intermolecular disulfide linkages within the ammo-termi- 
nal extracellular domain. The extracellular domains of 
mGluR5 and the CaR share 17 cysteines in equivalent posi- 
tions, raising the possibility that the CaR could also dimerize in 
this manner (15). In addition, several less structurally related 
GPCRs have been demonstrated to form homodimers, includ- 
ing the muscarinic receptor (16), /^-adrenergic receptor (17,. 
18), glucagon receptor (19), and 5-opioid receptor (20). A non- 
covalent hydrophobic dimerization motif has been suggested to 
mediate homodimerization of the /3 2 -adrenergic receptor (18), 
which was also present in the CaR Therefore, the CaR can 
potentially dimerize through two distinct types of intermolec- 
ular interactions, i.e. noncovalent hydrophobic interactions and 
formation of covalent intermolecular disulfide bonds. 

In this report, using molecular and biochemical approaches, 
we show that the functional CaR normally resides on the cell 
surface mostly as a homodimer. The unusually high degree of 
cooperativity in the activation of the CaR by its polycationic 
agonists suggests that dimerization of the CaR is likely to have 
functional implications. 

EXPERIMENTAL PROCEDURES 

Site-directed Mutagenesis to Produce Tail-truncated Receptors — Site- 
directed mutagenesis was performed using the approach described by 
Kunkel (21). The dut-1 ung~l strain of Escherichia coli, CJ236, was 
transformed with cassette VI of a reconstructed CaR containing unique 
restriction sites introduced into the wild type human CaR as silent 
point mutations as described previously (4). Uracil-containing, single- 
stranded DNA was produced by infecting the cells with the helper 
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phage, VCSM13. The single-stranded DNA was then annealed to a 
mutagenesis primer, which contained a stop codon at the desired posi- 
tion and was flanked on both sides by a wild type sequence. The primer 
was then extended around the entire single-stranded DNA and ligated 
to generate closed circular heteroduplex DNA. DH5a-competent cells 
were transformed with the DNA heteroduplex, and incorporation of the 
desired mutation was confirmed in all cases by sequencing the entire 
cassette. Finally, the mutated cassette Vis were cloned into the Xhol 
and Xbal sites of the reconstructed CaR (4). 

Construction of Flag-tagged CaRst — Cassette III in each of the mu- 
tant receptors was replaced with that in the Flag-tagged wild type 
receptor (9) by double restriction digestion with Aflll and Nhel followed 
by ligation of the larger restriction fragments containing point muta- 
tions and the smaller restriction fragment containing the Flag-tag. 

Transient Expression ofCaRs in HEK293 Cells— The DNA for trans- 
fection was prepared using the Midi Plasmid Kit (QIAGEN). Lipo- 
fectAMINE (life Technologies, Inc.) was employed as a DNA carrier for 
transfection (22) according to the manufacturer's procedures. Hie 
HEK293 cells used for transient transfection were provided by NPS 
Pharmaceuticals, Inc. (Salt Lake City, UT) and cultured in Dulbecco's 
modified Eagle's medium (Life Technologies, Inc.; with 10% fetal bovine 
serum (Hy clone). The DNA-liposome complex was prepared by mixing 
DNA and LipofectAMINE in Opti-MEM I Reduced Serum Medium (Life 
Technologies, Inc.) and incubating the mixture at room temperature for 
30 min. The DNA-LipofectAMINE mixture was then diluted with Opti- 
MEM I Reduced Serum Medium and added to 90% confluent HEK293 
cells plated on 13.5 x 20.1 mm glass coverslips using 0.625 fig of DNA 
(for measurement of Ca 3+ f ) or in 100- mm Petri dishes using 3.75 pug of 
DNA (for obtaining protein for immunoprecipitation and Western anal- 
ysis). After 6 h of incubation at 37 °C, equivalent amounts of Opti-MEM 
I Reduced Serum Medium with 20% fetal bovine serum were added to 
the medium overlying the transfected cells, and the latter was replaced 
with fresh Dulbecco's modified Eagle's medium containing 10% fetal 
bovine serum at 24 h after transfection. The expressed Ca a+ 0 -sensing 
receptor protein was assayed 48 h after the start of transfection. To 
perform co-expression of two receptors, 0.625 pg each of the two cDNAs 
were mixed and used to transfect HEK293 cells. 

Biotinylation of Cell-surface Forms of the CaR and Cross-linking of 
Multimeric Receptors — Prior to preparing whole cell lysates, intact 
HEK293 cells transiently transfected with Flag-tagged CaR were 
rinsed twice with phosphate-buffered saline and treated with 1 mM 
ImmunoPure Sulfb-NHS-Biotin (Pierce), a membrane-impenneant bi- 
■ otinylation reagent, at room temperature with constant agitation for 30 
min to biotinylate the proteins on the cell surface. The reaction was 
then quenched by incubating the cells in 0.5 M Tris-HCI, pH 7.5, for 5 
min. For cross-linking experiments, we added an appropriate amount of 
Bis (sulfos u ccinimidy 1 ) suberate (BS 3 ), a noncleavable, membrane-im- 
permeant cross-linker, into the labeling solution with ImmunoPure 
Sulfo-NHS-Biotin. 

Preparation of Whole Cell Lysates — The surface-biotinylated and/or 
cross-linked HEK293 cells were rinsed twice with phosphate-buffered 
saline and solubilized with 1% Triton X-100, 0.5% Nonidet P-40, 150 
raM NaCl, 10 mM Tris, pH 7.4, 2 mM EDTA, 1 mM EGTA, protease 
inhibitors, including 83 /xg/ml apxotinm, 30 /ig/ml leu pep tin, 1 mg/ml 
Pefabloc, 50 Mg/ml calpain inhibitor, 50 /xg/ml bestatin, and 5 /xg/ml 
pepstatin (1 X immunoprecipitation buffer), at room temperature. In- 
soluble material was removed by centrifuging the cell lysates at 15,000 
rpm for 15 min at 4 °C. The supematants were collected as total cell 
lysates. The protein concentration was determined using the CCA pro- 
tein assay (Pierce J. 

Immunoprecipitation of Flag-tagged CaRs— First, 5 /ig of anti-Flag 
M2 monoclonal antibody CVWR), 400 pi of rLjO, 500 pi of 2 X immuno- 
precipitation buffer (see above), and 100 pi of total lysate containing 
approximately 500 pjg of protein were added to a microcentrifuge tube. 
The mixture was incubated at 4 °C for 1 h. Then, 5 /nl of an alkaline 
phosphatase-conjugated, anti-mouse IgG (Sigma) was added to the 
mixture. The incubation was continued for an additional 30 min at 4 *C. 
Subsequently, 50 pi of 10% Protein A-agarose (Life Technologies, Inc.) 
was added to the mixture for an additional 30-min incubation at 4 °C. 
The Protein A-agarose was washed three times with 1 x immunopre- 
cipitation buffer, and the immunoreactive species were subsequently 
eluted in 60 p\ of 2 X electrophoresis sample buffer at 65 *C for 30 min. 
The receptor of interest was detected by Western analysis. 

Western Analysis of the Human CaR Expressed in Whole Cells and on 
the Cell Surface— An appropriate amount of immunoprecipitated pro- 
teins from CaR-transfected HEK293 cells was subjected to SDS-con- 
taining polyacrylamide gel electrophoresis (PAGE) (23) using a linear 
gradient of polyacrylamide (3-10%). The proteins on the gel were sub- 



sequently electrotransferred to a nitrocellulose membrane. After block- 
ing with 5% milk, the forms of the receptor present on the cell surface 
were detected using an avidin-horseradish peroxidase conjugate (Bio- 
Rad) followed by visualization of the biotinylated bands with an en- 
hanced chemiluminescence system (Amersham Pharmacia Biotech). 
After removal of the avidin using the recommended procedure for strip- 
ping the blots (Amersham Pharmacia Biotech), all forms of the CaR on 
the same blot were detected using anti-CaR antiserum (4641, a poly- 
clonal antiserum raised against a peptide within the extracellular do- 
main of the CaR, kindly provided by Drs. Forrest Fuller and Rachel 
Simin at NPS) followed by a secondary, horseradish peroxidase-conju- 
gated goat anti-rabbit antibody and then an Enhanced Chemilumines- 
cence system (Amersham Pharmacia Biotech). 

Measurement of Ca 2 * k by Fluorimetry in Cell Populations — Cover- 
slips with nearly confluent HEK293 cells previously transfected with 
the appropriate CaR cDNAs were loaded for 2 h at room temperature 
with fura-2/AM in 20 mM HEPES, pH 7.4, containing 125 mM NaCl, 4 
mM KC1, 1.25 mM CaCIa, 1 mM MgS0 4 , 1 mM NaHaP0 4 , 0.1% bovine 
serum albumin, and 0.1% dextrose and were then washed once with a 
bath solution (20 mM HEPES, pH 7.4, containing 125 mM NaCl, 4 mM 
KC1, 0.5 mM CaCl a , 0.5 mM MgCl 2 , 0.1% dextrose, and 0.1% bovine 
serum albumin) at 37 *C for 20 min. The coverslips were then placed 
diagonally in a thermos tatted quartz cuvette containing the bath solu- 
tion, using a modification of the technique employed previously in this 
laboratory (24). Extracellular calcium was increased stepwise to give 
the desired final concentrations with additions of Ca a * 0 in increments of 
1 mM that were followed by 5 mM increments after achieving a level of 
5.5 mM Ca 2 % and 10 mM increments after reaching a level of 20 mM 
Ca 34 " 0 . Excitation monochrometers were centered at 340 nm and 380 nm 
with emission light collected at 510 ± 40 nm through 'a wide band 
emission filter. The 340/380 excitation ratio of emitted light was used to 
calculate Ca 3 "*" rf as described previously (24). 

Statistics — The mean EC so values for the wild type or truncated 
receptors determined in response to increasing concentrations of Ca 3 ^, 
were calculated from the EC 60 values for all of the individual experi- 
ments and were expressed with the standard error of the mean (S.E.) as 
the index of dispersion. Comparison of the . ECso values was performed 
using analysis of variance or Duncan's multiple comparison test (25) 
(p s 0.05). Each of the experiments described above in the experimental 
protocols was generally performed at least four times. 

RESULTS 

To detect cell-surface expression of the CaR, we introduced 
the Flag epitope tag into the extracellular domain of CaR. The 
function as well ae the pattern and overall level of expression of 
the Flag-tagged CaR are identical to those of the wild type 
receptor, as assessed by high Ca 2+ a -evoked Ca 2+ 4 responses 
and Western analysis, respectively (9). Proteins on the cell 
surface of HEK293 cells transiently transfected with the Flag- 
tagged CaR or empty vector were first labeled with membrane- 
impermeant, Sulfo-NHS-Biotin prior to lysing the cells. The 
CaR was then immunoprecipitated with anti-Flag monoclonal 
antibody and eluted with SDS-sample buffer <x>ntairiing dithi- 
othreitol (DTD or no DTT. The free thiol groups of the native 
CaR were prevented from forming nonspecific disulfide bonds 
during protein preparation by including 100 mM iodoacetamide 
in the lysis buffer (see below). The immunopurined CaR was 
first detected with an avidin-horseradish peroxidase conjugate 
to visualize the forms of the receptor expressed on the cell 
surface. After removal of the avidin from the blot, the CaR was 
detected with a polyclonal anti-CaR antiserum (4), 4641, to 
detect both cell-surface and intracellular forms of the immuno- 
purified receptor. 

Identification of Cell-Surface Forms of the CaR — On reduced 
SDS-PAGE, using avidin for detection we identified a major 
band at 160 kDa (the expected position of the mature mono- 
meric CaR) in the sample immunoprecipitated with anti-Flag 
antibody and reduced with DTT (Fig. 1A, lane 2), When we 
detected with anti-CaR antiserum, in contrast, two immunore- 
active bands (Le. a doublet) were observed at the expected 
positions of the monomelic as well as the putative dimeric and 
higher multimeric CaRs (Fig. LB, lane 2), The surface forms of 
the monomeric receptor corresponded to the upper band of the 
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Fig. 1. Determination of cell-surface expression of the CaR. 
HEK293 cells were transfected with either Flag-tagged CaR {lane 2) or 
a vector with no CaR insert (lane J). Proteins cm the cell surface were 
treated with Sulfo-NHS-Biotin prior to lysing the cells in the presence 
of 100 mM iodoacetamide. The CaR was irnmunoprecipitated with anti- 
Flag antibody. The immunopurified protein samples were eluted with 
SDS-sample buffer containing 100 mM DTT and subjected to SDS- 
PAGE (3-10%). The surface expression of the CaR was detected with 
avidin (panel A). Both surface and intracellular forms of the CaR were 
then detected with anti-CaR antibody (4641) after removal of the avidin 
(panel B). 

doublet. With both methods of detection, the CaR-specific 
bands were not present in cells transfected with vector alone 
(Fig. 1, A and B t lane i). Therefore, the observed bands are 
specific for the CaR. 

The CaR Self-dimerizes through Disulfide Bonds—To pre- 
serve specific intermolecular disulfide linkages, we surface- 
biotinylated and irnmunoprecipitated the CaR, but eluted the 
irnmunoprecipitated receptor with SDS-sample buffer lacking 
DTT. The monomeric CaR observed in Fig. 1A, lane 2, was 
completely absent when nonreduced conditions were employed 
(see Pig. 2, lane 2). Instead, we detected two major bands 
between 200 and 300 kDa with avidin as well as one higher 
molecular mass species between 300 and 500 kDa for the wild 
type CaR (Fig. 2, lane 2). In this experiment, the control with 
DTT in Fig. 2, lane 1, showed a trace amount of a high molec- 
ular mass species at 280 kDa (the expected position of the 
dimeric CaR) in addition to the monomeric species. This 280- 
kDa band in Fig. 2, lane I, lined up with the upper band of 
doublet observed between 200 and 300 kDa in Fig. 2, lane 2. It 
is likely that this 280-kDa band in Fig. 2, lanes 1 and 2, 
represents a more denatured dimeric receptor than the lower 
band at 250 kDa in Fig. 2, lane 2, if both bands are ho- 
rn odimeric receptors. 

Next, to determine whether the dimerization is agonist-de- 
pendent, we preincubated the intact cells with high Ca 2 "*" 0 , e.g. 
5 mM in 1 mM phosphate buffer, at 37 °C for 6 min prior to 
surface labeling. Under nonreducing conditions, the patterns of 
surface expression of the CaR were the same in cells stimulated 
and nonstimulated with high Ca 2+ C (data not shown), suggest- 
ing that activation of the receptor does not alter its degree of 
dimerization. 

It was important in these studies to prevent the formation of 
nonspecific disulfide linkages during protein preparation by 
including 100 mM iodoacetamide in the lysis buffer. Iodo- 
acetamide is a compound chemically reactive with the sulfhy- 
dryls on cysteines and prevents the latter from forming disul- 
fide bonds. As shown in Fig. 3, lane 2, inclusion of 100 mM 
iodoacetamide in the lysis buffer prevented the formation of a 
smear of CaR immunoreactivity (Fig. 3, lane 1) that otherwise 
was evident in Western blots performed using the CaR-specific 
antiserum. Therefore, the high molecular species observed in 
FigB. 2 and 3, lane 2, are not the artifacts because of formation 
of nonspecific disulfide bonds. 



Flo 2 Detection of thiol-sensitive CaR homodimers in the 
absence of DTT. HEK293 cells were singly transfected with Flag- 
tagged wild type CaR. Proteins on the cell surface were treated with 
Sulfo-NHS-Biotin prior to lysing the cells in the presence of 100 mM 
iodoacetamide. The CaR was irnmunoprecipitated with anti-Flag anti- 
body. The immunopurified protein samples were eluted with SDS- 
sample buffer containing DTT (lane i) or no DTT (lane 2) and subjected 
to SDS-PAGE (3-10%). Expression of the CaRs on the cell surface was 
determined using avidin. 
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Fig. 3. The inclusion of iodoacetamide blocks the formation of 
thiol-sensitive aggregates during protein preparation. The 
transfected cells were lysed in the absence (lane 1) or presence (lane 2) 
of 100 mM iodoacetamide. The sample buffer for SDS-PAGE (3-10%) 
contained no DTT. The CaR in whole-cell lysate, 15 pg* was detected 
with anti-CaR antibody (4641). 

To show that the putative dimers of the CaR observed on the 
cell surface were not artifacts of other types of nonspecific 
aggregation occurring during protein preparation, we stabi- 
lized pre T existing multimeric forms of the receptor on the cell 
surface by covalently linking them with BS 3 , a noncleavable, 
membrane-impermeant cross-linker, while we surface-labeled 
the cells with the Sulfo-NHS-Biotin. The surface-biotinylated 
and cross-linked cells were then lysed in the presence of iodo- 
acetamide. The Flag-tagged wild type receptor was irnmuno- 
precipitated, and the irnmunoprecipitated CaR was eluted with 
DTT-containing, SDS-sample buffer. When we increased the 
concentration of cross-linker, the ratios of dimer to monomer 
increased progressively (Pig. 4A). Without cross-linker, tiie 
monomer is the principal CaR species identified on the cell 
surface (Fig. 4A, lane 1) while with 5 mM BS 3 , the dimer 
becomes the major species visible on the blot (Fig. 4A, lane 4). 
This result confirms that the dimeric receptor is the principal 
species present on the cell surface. The reduction in intensities 
of overall surface labeling by the Sulfo-NHS-Biotin in the pres- 
ence of BS 3 occurs because both reagents form covalent bonds 
with the same pool of primary amines on the receptor. 

When we employed anti-CaR antiserum to detect CaR-im- 
munoreactive proteins to assess sample loading after removal 
of the avidin, we found that the sample loaded in Fig. 4, lane i, 
was somewhat less than others based on the CaR immunore- 
activities of the intracellular species, i.e. the lower band at 140 
kDa in Fig. 40, lane I. Of interest, we found that the cross- 
linker did not change CaR immunoreactivity at 160 kDa in Fig. 
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FlG. 4. Stabilization of oligomers of the CaR on the cell surface 
using a noncleavable, membraae-impermeant cross-linker. 
HEK293 cells were transfected with Flag-tagged CaR. Proteins on the 
cell surface were treated with both Sulfo-NHS-Biotin and varying con- 
centrations of BS 3 , a cross-linker, in millimolar, prior to lysing the cells. 
The CaR was then immunoprecipitated with anti-Flag antibody. The 
immunopurified protein samples were eluted with DTT-containing SDS 
buffer and subjected to SDS-PAGE (3-10%). Surface expression of the 
CaR was detected with avidin (panel A). Both surface and intracellular 
forms of the CaR were then detected with anti-CaR antibody (4641) 
after removal of the avidin (panel B). 

4B, unlike what we observed for the surface expression of the 
CaR in Fig. 4A, and all CaR-immunoreactive bands had similar 
ratios of monomers relative to dimers or oligomers (Fig. 4B). 
Therefore, the amount of the receptor on the cell surface must 
be sufficiently small that any changes in surface distribution 
between the monomeric and oligomeric forms as a result of 
cell-surface cross-linking does not produce any readily detect- 
able alterations in the ratios of the intensities of the various 
CaR-immunoreactive bands when detected with anti-CaR 
antibody. 

The Cytoplasmic Tail of the CaR Is Not Required for Dimer- 
ization— To examine the role of the CaR cytoplasmic tail in 
dimerization, several receptors with varying degrees of trun- 
cation of their carboxyl-terminal tails were constructed. We 
introduced stop codons at amino acid positions 863 (located at 
the beginning of the cytoplasmic tail), 877, and 892; the respec- 
tive receptors are referred to below as K863Stop, A877Stop, 
and S892Stop. The truncated receptors, K863Stop (data not 
shown), similar to a slightly longer receptor terminated at 
position 865 that has been documented to be inactive by Ray et 
al (26), and A877Stop (9), were functionally inactive, whereas 
S892Stop was not only active but also had a lower EC 50 of 3.2 ± 
0.1 ium (n = 6) for high Ca 2 Vevoked increases in Ca 2 *^ than 
did the full-length wild type receptor (4.0 ± 0.2 nw, n = 4). 

We then transfected HEK293 cells with the truncated recep- 
tors, surface-biotinylated the cells, and immunoprecipitated as 
above. Western analysis showed that the levels of expression of 
the truncated receptors were either similar to (K863Stop) or 
more than (A877Stop and S892Stop) that of the wild type 
receptor, and all three truncated receptors formed homodimers 
on the cell surface similar to the full-length, wild type receptor 
(Pig. 5) under nonreducing conditions. This result raised the 
possibility that the truncated receptors could form het- 
erodimers with the full-length receptor when the two receptors 
were co-transfected, if high molecular weight species detected 
in nonreducing conditions (Fig. 5) were truly homodimers. 
Therefore, we next undertook studies to prove that the high 
molecular weight species of the various CaRs observed in Figs. 
2 and 5, i.e. the wild type receptor and the truncated receptors, 
are indeed homodimers. 

Co-transfection of Full length Wild Type and Tad-truncated 
CaRs Produce Heterodimers in Addition to the Respective Ho- 
modimers— To determine whether the full-length and trun- 
cated receptors associate, we co-transfected the nontagged 
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Fig. 5. Dimerization of CaRs truncated in their carboxyl-ter- 
minal tails. HEK293 cells were transfected with Flag-tagged full- 
length CaR or CaRs truncated in their carboxyl termini at positions 
863, 877, or 892. Proteins on the cell surface were treated with Sulfo- 
NHS-Biotin prior to lysing the cells in the presence of 100 dim iodoac- 
etamide. The CaR was immunoprecipitated with anti-Flag antibody. 
The immunopurified protein samples were eluted with SDS-sample 
buffer containing no DTT and subjected to SDS-PAGE on a linear 
gradient running gel of 3-10%. The surface expression of the CaR was 
detected with avidin. 

truncated receptors with a Flag-tagged full-length receptor or 
Flag-tagged truncated receptors with a nontagged full-length 
receptor and immunoprecipitated the tagged receptors. If the 
nontagged and tagged receptors formed heterodimers, we 
would be able to co-immunoprecipite nontagged receptors with 
tagged receptors. Because monomeric full-length and trun- 
cated receptors can be resolved under reducing conditions on 
SDS-PAGE, we would be able to determine the relative 
amounts of tagged and nontagged receptors, which were asso- 
ciated during immunopurification prior to elution with SDS- 
sample buffer containing DTT, on Western blot using avidin as 
a probe if we surface-biotinylated the co-transfected cells. Sub- 
sequently, we would be able to determine the nature of the 
association, namely dimers or higher oligomers, on nonreduced 
SDS-PAGE. 

Fig. 6A, lanes 2, 4, 6, 9, 11, and 23, shows that surface forms 
of nontagged receptors in co-transfected cells were co-immuno- 
precipitated using the anti-Flag antibody, which was resolved 
from co-transfected tagged receptors on a reduced SDS-PAGE 
and detected with avidin. As a control, the nontagged receptors 
isolated from singly transfected cells could not be immunopre- 
cipitated by anti-Flag antibody (Fig. 6A, lanes 1, 10, 12, and 
14). On nonreduced PAGE, only oligomers (mostly dimers) 
were detected, and no monomeric forms of either full-length or 
truncated receptors were detected on the surface of co-trans- 
fected cells (Fig. 6B). As shown in Fig. 6A, the intensity of the 
Flag-tagged receptor was higher than that of the nontagged 
receptor, indicating that besides the heterodimers, there were 
substantial amounts of the homodimers of each of the co-trans- 
fected receptors. Of interest, the expression of the fuD-length 
receptor was significantly increased in cells co-transfected with 
S892Stop (Fig. 6A, lane 13) compared with that in cells trans- 
fected with the full-length receptor alone (Fig. 6A, lane 8). 

DISCUSSION 

The cross-linking and co-immunoprecipitation experiments 
carried out in the present study, together with Western anal- 
ysis of cell-surface CaR under nonreducing conditions, clearl}' 
demonstrate that the CaR resides on the cell surface mostly as 
a dimer and possibly as higher oligomers but hardly at all as a 
monomer. Formation of homodimers between cytoplasmic tail- 
truncated receptors suggests that the cytoplasmic tail is not 
necessary for homodimerization. Unlike epidermal growth fac- 
tors, platelet-derived growth factor and fibroblast growth factor 
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Fig. 6. Co-immunoprecipitation of the nontagged wild type with Flag-tagged truncated receptors or nontagged truncated 
receptors with the Flag-tagged wild type receptor. HEK293 cells transfected singly or doubly , with Flag-tagged or non tagged CaRs, as 
indicated in the figure, were biotinylated prior to lysing the cells in the presence of 100 mM iodoacetamide. After immunoprecipitation with 
anti-Flag antibody, elution with SDS sample buffer containing DTT (panel A) or no DTT (panel B) and SDS-PAGE (3-10%), CaR surface expression 
was detected with avidin. 



receptors, which undergo ligand-induced dimerization upon 
activation (27), the dimerization of the CaR is not 
agonist-dependent. 

Fig. 3 shows that iodoacetamide blocks nonspecific aggrega- 
tion of the CaR in whole cell lysates. Because iodoacetamide 
blocks the thiol groups on free cysteines from forming disulfide 
bonds with other free cysteines in the vicinity, the aggregates 
formed in the absence of iodoacetamide were most probably 
because of oxidation of the three cysteines that are present in 
the cytoplasmic tail of the CaR during the preparation of cel- 
lular proteins for gel electrophoresis. In the intact cell, these 
intracellular cysteines likely remain in a reduced form because 
of the strongly reducing intracellular environment maintained 
by the glutathione system (28). Indeed, no such nonspecific 
aggregation was observed with a mutant CaR in which the 
entire carboxyl-terminal tail was deleted, even in the absence 
of iodoacetamide. 2 

The majority of the surface dimeric form of the CaR and 
higher oligomers of the receptor observed under nonr educing 
conditions is readily converted to a single form of the mono- 
melic receptors with a molecular mass of 160 kDa under re- 
ducing conditions (Fig. 2). Our earlier biochemical studies had 
shown that there are three monomelic forms of the CaR in 
crude membrane preparations of CaR-transfected HEK293 
cells with molecular masses of 120, 140, and 160 kDa on re- 
duced SDS-PAGE. These forms of the receptor represent the 
nonglycosylated CaR and receptors with varying types and 
extent of glycosylation (4), respectively. The 160-kDa species 
contains iV-linked complex carbohydrates that we refer to as 
the mature form, whereas the 140-kDa species contains iV- 
linked, high mannose-containing carbohydrates. The exclusive 
conversion of the surface CaR to a single form of monomelic 
receptor (160 kDa, Fig. 2, lane J) suggests that only the CaR 
^-glycosylated with complex carbohydrate reaches the cell sur- 
face. In other words, biosynthetic intermediates, such as the 
immature forms of the CaR ^-glycosylated with high mannose 
(140 kDa), fail to arrive at the cell surface. 

The sensitivity of the dimeric receptor to reducing agents 
suggests that one type of intermolecular interaction mediating 
dimerization is intermolecular disulfide bonds. It is likely that 



2 M. Bai, unpublished observation. 



the cysteine(s) involved in the intermolecular disulfide bond(s) 
of the CaR are located in the same general region identified in 
mGluRS (15), because mGluRS and the CaR share the relative 
positions of 20 cysteines. These shared cysteines may form 
either intramolecular disulfide bonds that are involved in the 
correct folding of both the CaR and mGluRs or intermolecular 
disulfide bonds for dimerization of these two receptors. It has 
been shown that the cysteine(s) involved in the intermolecular 
disulfide linkage of dimeric mGluRS are located within about 
17 kDa of the amino terminus (15). In this region, the CaR has 
six cysteines, including two within the putative signal peptide 
that are likely cleaved off by signal peptidase during biosyn- 
thesis of the receptor. Therefore, one or more of the four cys- 
teines located within 17 kDa of the amino terminus and/or 
some of the noncon served cysteines present in CaR may be 
involved in forming intermolecular disulfide bonds. 

Moreover, we noted putative dimers even in the presence of 
reducing agents when we detected the CaR with either avidin, 
to detect cell-surface expression (Figs. 2 and 4A), or an anti- 
CaR antiserum (4641) to assess the overall level of CaR protein 
expression (Figs. IS and 4£), including both the mature and 
immature forms. It has been suggested that a noncovalent 
hydrophobic dimerization motif in the /^-adrenergic receptor 
(18) mediates the formation of a functionally important ho- 
modimer that is SDS-resistant. Interestingly, this consensus 
dimerization motif for noncovalent hydrophobic interactions is 
also present in the CaR within TM5 (LMALGFLIGYTCL, note 
that the conserved amino acids forming the putative intermo- 
lecular interface are underlined). Molecular modeling of 
GFCRs has suggested that TM5 is one of the most membrane- 
exposed of all the transmembrane segments, likely making this 
motif in one receptor molecule accessible to the same motif in 
another receptor molecule (29). Our previous studies showed 
that P747frameshift (a mutation identified in familial hypocal- 
ciuric hypercalcemia syndrome with a single-base deletion as 
well as a separate transversion in codon 747, which normally 
encodes proline, thereby resulting in a frameshift and a trun- 
cated CaR lacking TM5 and the rest of carboxyl terminus) can 
no longer form an SDS-resistant dimer in the presence of 100 
mM DTT (5). Thus, the CaR's putative dimerization motif in 
TM5 could contribute to the formation of dimers of the receptor 
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and/or stabilization of dirneric CaR during post-translational 
processing. 

In conclusion, we have demonstrated that the CaR resides on 
the cell surface as homodimers that likely represent the active 
form of the receptor and contribute to the high degree of ap- 
parent cooperativity observed for the CaR. It is likely that the 
wild type and mutant CaRs form heterodimers in familial 
hypocalciuric hypercalcemia patients carrying a normal CaR 
on one allele and an abnormal CaR on the other. Furthermore, 
dominant negative phenotypes present in some familial hy- 
pocalciuric hypercalcemia patients suggest that formation of 
heterodimers between wild type and mutant receptors may 
negatively affect the function of the normal receptor in the 
heterodimeric complex. For example, a purely random associ- 
ation of the mutant receptor with either wild type CaRs or with 
other mutant receptors in the heterozygous state in familial 
hypocalciuric hypercalcemia could potentially reduce the level 
of the wild type homodimer to approximately one-quarter of 
that present in normal individuals. 
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Summary 

Bitter taste perception provides animals with critical 
protection against ingestion of poisonous compounds. 
In the accompanying paper, we report the character- 
ization of a large family of putative mammalian taste 
receptors (T2Rs). Here we use a heterologous expres- 
sion system to show that specific T2Rs function as 
bitter taste receptors. A mouse T2R (mT2R-5> re- 
sponds to the bitter tastant cycloheximide, and a hu- 
man and a mouse receptor (HT2R-4 and mT2R-9) re- 
sponded to denatonium and 6-n-propyl-2-thiouractl. 
Mice strains deficient in their ability to detect cydo- 
heximkfehave amino acid substitutions in the mT2R-5 
gene; these changes render the receptor significantly 
tess responsive to cycfoheximtde. We also expressed 
mT2R-5 In insect cells and demonstrate specific tast- 
ant-de pendent activation of gustducin. a G protein im- 
plicated in bitter signaling. Since a single taste recep- 
tor cell expresses a large repertoire of T2Rs, these 
findings provide a plausible explanation for the uni- 
form bitter taste that is evoked by many structurally 
unrelated toxic compounds. 

Introduction 

Mammals can perceive and distinguish between sweet 
sour, bitter, and salty tastes (Kinnamon and Cummings, 
1992; Lirtdemann, 1996a; Stewart et aU 1997). Of these 
four modalities, bitter perception has a particularly im- 
portant role: many naturally poisonous substances taste 
bitter to humans, and virtually all animal species show an 
aver sive response to such tastants (Garcia and Hankins, 
197S; Gtendinning, 1994; Glend inning et al., 1999), sug- 
gesting that bitter transduction evolved as a key defense 
mechanism against the ingestion of harmful substances. 

The biology of bitter perception is very poorly under- 
stood; neither the sensory receptor cells nor the recep- 
tor molecules have been physiologically or motecularly 
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defined (IJndemann, 1996b). However, several biochem- 
ical and physiological studies have suggested that bitter 
transduction in mammalian taste receptor cells is medi- 
ated by G proteins and G protein-coupled receptors 
(GPCRs) (Lindemann, 1996a; Wong et al., 1996). Be- 
cause the universe of chemical compounds that evoke 
a bitter taste is structurally diverse, we reasoned that 
bitter receptors might encompass a large GPCR family 
with significant sequence variation, fn the accompa- 
nying paper (Adter et al., 2000 (this issue of Celft, we 
described the isolation of a novel family of 40-30 diver- 
gent GPCRs, T2Rs, selectively expressed in subsets of 
taste receptor cells of the tongue and palate epithelium. 
T2Rs in humans and mice are genetically linked to loci 
associated with bitter perception (Conneady et al.. 1 976; 
Capeless et al., 1992; Reed et al., 1999), and are selec- 
tively expressed in taste receptor cells that contain gust- 
ducin, a G protein a subunit implicated in bitter trans- 
duction (Wong et al., 1996; Ming et al., 1998). While the 
genetics, expression profile, and dive sity of the T2R 
family support the proposal that T2Rs are taste recep- 
tors, rigorous demonstration of their role in taste trans- 
duction requires functional validation. Here we use a 
heterologous expression system to demonstrate that 
T2Rs function as receptors for bitter tastants. We ana- 
iyzed mouse strains that differ in their recognition of 
various bitter compounds and show that mice that do 
not perceive low concentrations of cycloheximide con- 
tain missense mutations in the mT2R-5 gene. These 
amino acid changes significantly reduce the sensitivity 
of the mT2R-5 receptor to cycloheximide. Notably, this 
sensitivity shift measured in cell-based assays closely 
mirrors the behavioral phenotype of the Cyx- deficient 
mice (Lush and Holland, 1988). The discovery of mam- 
malian bitter receptors will help understand the biology 
of bitter perception, from transduction pathways in re- 
ceptor cells to coding of bitter signals through the affer- 
ent sensory pathway. 

Results and Discussion 

Functional Expression of T2Rs 
A difficulty in generating a cell-based reporter system 
to measure T2R activity is our poor understanding of 
the native signaling pathway. We therefore expressed 
T2Rs with Gal 5. a G protein a subunit that has been 
shown to couple a wide range of receptors to phospholi- 
pase C3 (Of fermanns and Simon, 1995; Krautwurst et 
al., 1998). In this system, receptor activation leads to 
increases in intracellular calcium (Ca 2+ L which can be 
monitored at the single cell level using the FURA-2 cal- 
cium-indicator dye (Tsien et al.. 1985). To test and opti- 
mize Ga15 coupling, we used two different GPCRs. a 
Gat-coupled fi opioid receptor (Reisine, 1995) and a 
Gaq-coupied mGluRl receptor (Masu et al., 1991). Trans- 
fection of these receptors into HEK-293 cells produced 
robust, agonist-selective, and Gal 5-dependent Ca* * re- 
sponses (Figure 1). To assay T2R function, we initially 
generated four expression constructs containing epi- 
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Figure 1. Go. IS Couples Acti v ation of p. Opi- 
oid Receptor and mGtuRI Receptor to Re- 
lease of tntracettular Calcium 
HEK-293 cells wens transiently transfected 
with the Gat-coupled n opioid receptor or the 
Gaq-coupted mGSuRI receptor. Transfected 
cells containing Ga15 wens assayed for tn- 
creases in ICa**]* before (a and b) and after 
(c and d) the addition of receptor agonists: 
(c) lO p.M OAMGO and (d) 20 trans (±) 
1 -ammo- 1,3 cydopentane dtcarboxyttc acid 
(ACPD). ligand- and receptor-dependent in- 
creases in {CV *\ were dependent on Gal 5 (e 
and 0. Scales indicate (Ca 1 *% (nM) determined 
from FURA-2 emission ratios. 



tope-tagged fiTZR-3, hTZR-5, hT2R-10. and hT2R-16 
(see Adl&r et at., 2000). However, none of the receptors 
was efficiently targeted to the plasma membrane. 

A number of studies have shown that many GPCRs. 
in particular sensory receptors, require specific "chaper- 
ones" for maturation and targeting through the secretory 
pathway (Bakeretal.. 7994; DwyeretaL, 1996). Recently. 
Kraut wurst et al (7998) generated chimeric receptors 
consisting of the first 20 amino acids of rfiodopsin and 
various rodent olfactory receptors. These were targeted 
to the plasma membrane and functioned as odorant 



receptors in HEK-293 ceils. We constructed rhodopsin- 
T2R chimeras (rho-T2Rs) and determined that the first 
39 amino acids of bovine rhodopsin are very effective 
in targeting T2Rs to the plasma membrane of HEK-293 
ceils (Figure 2). Similar results were obtained with 1 T 
human and 16 rodent T2Rs (see below). Inclusion of this 
M- terminal sequence also increased membrane expres- 
sion of control mGluRI receptors, and significantly aug- 
mented their Ga 1 5-medtated responses (data not shown). 
To further enhance the level of T2R expression, rho- 
T2Rs were placed under the control of a strong EF- 
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RgistB 2, Rho-fZR Fusions Are Targeted to the Plasma Membrane 

The first 39 amino acids of bovine rhodopsin effectively targeted TZRs to the plasma membrane of HEK-293 cells, fmrnunoftuorescence 
staining of nonpermeabifized cells transfected with representative rho-T2R fusions was detected using an artti-rhodopsin mAb B6-30. 
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Figure 3. T2R Receptors Are Stimulated by Bitter Compounds 

HEK-293 cells were trensfecied with rho-mT2R 5 (a, d. and g). rho-nT2R-4 (a, e, and n). and mo-mTZR-B (c. f, and i). Cens expressing mT2ft-5 
were stimulated as fog T.5 |iM cydoheximide (d and g) and those expressing hT2R-4 and mT2R-8 with 1.5 mM denatonium (e, f. h, and i). No 
Increase in (Ca* '1 was observed in the absence of Gal 5 (g-fl; in contrast robust Gal 5 -dependent re sp onses were observed in the presence 
of tastants (d-ffc scales indicate [C#"l (nM) determined from FURA-2 emission ratios. Line traces QHJ show the kinetics of the (Ca**l changes 
for representative cells from panels (d-f); arrows indicate addition of tastants. 



la promoter and introduced as e pi soma! plasm ids into 
modified HEK-293 celis expressing Gal 5 (PEAK"** ceils; 
see Experimental Procedures). 

We employed two parallel strategies to identify li- 
gands for TZRs. In one, we chose a random set of human, 
rat, and mouse T2R receptors, and individually tested 
them against a collection of 55 bitter and sweet tastants 
(see Experimental Procedures). We expected functional 
coupling to meet four criteria: tastant selectivity, tempo- 
ral specificity, and receptor- and G protein-dependence. 
In the other, we used data on the genetics of bitter 
perception in mice to link candidate receptors with spe- 
cific tastants. 

Nearly 30 years ago, it was first reported that various 
tnbred strains of mice differ in their sensitivity to the 



bitter compound sucrose-octaacetate (Warren and Lewis, 
1 970). Subsequently, a number of studies demonstrated 
that this strain difference was due to allelic variation at 
a single genetic tocus (Soa) (Whitney and Harder, 1986; 
Capetess et al.. 1992). These findings were extended to 
additional loci influencing sensitivity to various bitter 
tastants, incfudirtg raffinose undecaacetate (Rusk cydo- 
heximide (Cyx), copper glyclnate (Gib), and quinine (Qud 
(tush, 1984. 1986; Lush and HoPand, 1968). Genetic 
mapping experiments showed that the Soa. Rua t CyK 
Qui, and Gib loci are clustered at the distal end of chro- 
mosome 6 (Lush and Holland, 1988; Capetess et al., 
1992). In the accompanying paper, we show that at least 
25 mT2Rs cotocalize with this mouse chromosome 6 
bitter cluster (Adler et al., 2000). Therefore, we selected 
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figure 4. nfTZR-Sfs a Taste Receptor far Cyc(bhe*rmtd< 

<a) HEK-293 certs expressing Ga15 and rho-mTZR-S woe challenged wfch mutrfpte pulses of 2 fiM cycfoheximrde (CYX). 3 mM 6-n-propyf 
thkxjracil (PROP), or 5 mM denatonium (DEN); dots and horizontal bars above the traces indicate the time and duration of tastant pulses. 
GycfcftvEEenacfes-tricygersTOtRGt -receptor acthratiorL. Ttss experiment -also tficstrstes dgscnsi Uiirftkm -to -repeated -stgntitatwon or dm n Kf -sxstanect 
app&caOon of the strntuTus. The data shown here were derived from SO responding ceffs on a r^h-densfty plate. Equivalent resufts were 
obtained in HEK-293 cefl pOted at high (confluent) or tow density, (b) Responses to cyctohexfnride are hlgrtly specific and are not observed 
after addition of buffer (CON) or high concentrations of other tastants. Abbreviations and concentrations used are: cyctoheximide. CYX (5 
>x*Sr atropine, ATR f£ «nft^ tvucJne, BRtf # -mftftr cafferc acid, <2AFF & mMfr ttamu i iton PEW (S mMfr «pK . aUa J mi t-»EFt <3 mfcfr phenyl 
trtttcarbarfude. PTC (3 mM).- 6-n-propyt thtouractl, PROP (10 mM); saccharin, SAC (10 mM); strychnine. STR (5 mMJ; sucrose octaacetate. 
SOA (3 mM). Cofumns represent the mean r SEo/a* (east six independent experiments. <cj The ruT2R-5 gene from Caster (DBA/2-afteie) and 
nontaster (C578U6-aBele) strains mediate differential lCa"l changes to pulses of cyctoheximide. Horizontal bars depict the time and duration 
of *he-stimt*tt*- We w ai ted 200* b etwecw -athwta to e nsure that c e ll* were n ot d e semlUx ed due to the su cecmw a pp fieattan of e yctoft** i iitfd e_ 
(d) Cycfohexmwfe dose response of mT2R-S. Changes in fCa 1 ! are shown as FURA-2 (Fmo/F^ ratios normalized to the response at 30 jiM 
cyctohextmkfe; points represent the mean 2: SE of at Jeast six determinations. The nontaster alfete snows a marked decrease m cyctohextmtde 
sensitivity relative to the taster allele. The data shown in panels (a), (c). and (rfj were obtained from measurements of ICa 1 *! from 50 individual 
i mpm i diixj coHsw Becsts« HEK-293 celts. pSsled «t high density may form functional gap junctions^ our quanthatrw studies were based on 
recordings from isolated cetfs (see Expertmentaf Procedures). Quafitatrveh/ similar data was obtained fn whole-fiefd recordings. 



T» receptors from ffrfs array, constructed the corre- 
sponding rho~mT2R chimeras and individuafry trans- 
fected them Into HEK-293 cefls expressing the promis- 
cuous Gal 5 protein. ARer loading the cefls with FURA-2, 
we assayed for responses to sucrose octa acetate, raffl- 
nose undecaacetate, copper gfycinate, quinine, and 
cydoheximide. As controls for transfection efneiencies, 
we used a CMV-GFP construct and as a control Tor 
Got 15 signaling a set of pfates was cotransfected with 
rho-mGfuRI and assayed for responses to the mGfuRl- 
agonist ACPO. 

Celts expressing mT2R-5 specifically responded to 
cycfoheximJde (Figure 3). The response occurred in 
nearly ail transfected ceits and was receptor- and Gat 5- 
dependent because ceHs facking either of these compo- 
nents did not trigger tCa"l changes (Figure 3g), even 



at 5000- fold higher cyctdhexbnfde concentration- As ex- 
pected for this coupling system, the ta slant induced 
increase in fCa 2 *}, was due to release from intemaf 
stores, since analogous results were obtained in rrarni- 
nafiy zero [Ca 2 *!^ (data not shown). The activation of 
mT2R-5 by cyctoheximide is very selective; this receptor 
did not respond to any other tastants (Figures 4a and 
4b), even at concentrations that far exceeded their bio- 
logically tetevam range of action (SaraJI, 1984; Glendln- 
ning, 1994). While cydoheximide is only moderately bit- 
ter to humans (Lush and Holland, 1938), it is strongly 
aversive to rodents with a sensitivity threshold of ~0.25 
p^M (Kusano et aU 1 971; Lush and Hoitartd. 1 939). In our 
cell-based assay, the concentration of cydoheximide 
required to induce half-maximal response of mT2R-5 
was 0.5 pM and the threshold was ^0.2 p.M (Figures 
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4c and 4d). Notably, thrs dose response closely matches 
the sensitivity range of cyctoheximide tasting in mice 
(Lush and Holland, 1988; see next section). 

To examine the kinetics of the cyctoheximide re- 
sponse. rha-mT2R-5 transferred cells were placed on 
a micro perfusion chamber and superfused with test so- 
lutions under various conditions. Figure 4a shows robust 
transient responses to mfcrorrtofar concentrations of 
eyefoheximide that closely follow application of the stim- 
ulus (latency <1 s). As expected, when the tastant was 
removed, fCa 2 ^ returned to baseflne. A prolonged expo- 
sure to cyctoheximide (>10 s) resulted in adaptation: 
a fast increase of [Oa**]. followed by a gradual, but 
incomplete dec&ne to the resting levet (Figure 4a). Simi- 
larly, successive applications of cyctoheximide fed to 
significantly reduced responses, indicative of desensiti- 
z&tion (Vefkowitt et at., 1992). This is nkeiy to occur at 
the level of receptor, since responses of a cotransfected 
mGfuR? were not altered during the period of eyefohexi- 
mide desensitization (data not shown). 

Are other T2Rs also activated by bitter compounds? 
We assayed 11 rhodopsin-tagged human T2R receptors 
by mdrvkfually transfecting them into HEK-293 celts ex- 
pressing Ga1 5. Each transfected line was tested against 
a battery of bitter and sweet tastants, including amino 
acids, peptides, and other natural and synthetic com- 
pounds (see Experimental Procedures). We found that 
the intensely bitter tastant denatontum induced a signifi- 
cant transient increase in [Ca 2 *L in cells transfected with 
one of the human candidate taste receptors, hT2R-4, 
but not In control untransfected cells (Figure 3), or In cells 
transfected with other hT2Rs. The denatontum response 
had a strong dose dependency with a threshold of ~100 
jjlM. Wh3e this response met the criteria of tastant se- 
lectivity, temporal specificity, and receptor- and Ga15- 
depertdency, the threshold far activation was over two 
orders of magnitude higher than the human psycho- 
physical threshold for denatonium (Sarofi, 1984). This 
could be due to poor functioning of this receptor in the 
heterologous expression system, or perhaps humans 
express another higher affinity denatonium receptor. In- 
terestingly, hT2R-4 displayed a limited range of promis- 
cuity since it also responded to high concentrations of 
the bitter tastant 6-n-propyl-2-truouracil (PROP; Fig- 
ure 5). 

if the responses of hT2R-4 reflect the m vivo function 
of this receptor, we hypothesized that similarly tuned 
receptors might be found in other species. The mouse 
receptor mTZR-8 is a likely ortholog of hT2R-4: they 
share ~'70% identity, while the next closest receptor is 
only 40% identical; these two genes are contained in 
homologous genomic intervals (Adter et al., 2000). We 
generated a rho-mT2R-8 chimeric receptor and exam- 
ined its response to a wide range of tastants. Indeed. 
mT2R-3, like Hs human counterpart, is activated by de- 
natonium and by high concentrations of PROP (Figures 
3 and 5). No other tastants elicited significant responses 
from cells expressing mT2R-8. Because these two re- 
ceptors Share only 70% identity, the similarity in their 
responses to bitter compounds attests to their role as 
orthologous bitter taste receptors. 
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Figure S. hT2R* and mT2R>8 Respond to Denatonium 
HEK-293 cells expressing Gal 5 were transiently transfected with 
AT2R-4 or mT2R-e receptors and [Ca**t was monitored as shown 
in Figure 3. (a) An increase in ICa 1 *! could be induced by stimulation 
with denatonium but not by various other bitter compounds. Re- 
sponse profiles of <b) KT2R-4 and (c) mT2R-8 to a set of nine out 
of 55 different bitter and sweet tastants (see Experimental Proce- 
dures) are shown. CON refers to control buffer addition. NAR to 
2 mM naimgln and LYS to 5 mM tystne. Other abbreviations and 
concentrations am as reported in Figure 4. The mean FURA^Z ituo* 
rescence ratio (Fj^j/F^J before and after ftgand addition was ob- 
tained from 100 equal- sized areas tnat included a (I responding ceffs. 
The value* represent the mean iS£a(« (east six experiments. 



Cyctoheximide Nontaster Mice Have Mutations 
In the mT2R-5 Taste Receptor 

Our demonstration that mT2R-5 functions as a high- 
affinity receptor Tor cyctoheximide suggested that the 
mT2R-5 gene might correspond to the Cyx tocus. If this 
is true, we expected that either the expression profile 
or sequence of mT2R-5 might differ between strains 
categorized as Cyx tasters (DBA/2J) and nomas ters 
(CS7BL/&J) (Lush and Holland, 19S8). In srtu hybridiza- 
tions to tissue sections demonstrated that the expres- 
sion profile of mT2R-5 is indistinguishable between 
taster and nontaster strains (Figure 6). To determine 
the linkage between mT2R-5 and the Cyx locus, we 
identified polymorphisms in the mT2R-Sgene and deter- 
mined their distribution In a recombinant Inbred panel 
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Figure 6. Cyctohenmkfe Taster and Non- 
taster Strains Express Different Alleles of 
mTZRS 

(a) Predicted transmembrane topology of 
mT2 R-5; amino acid substitutions rn the attete 
from nontaster strains are highlighted in red- 
Trie presence of only two aOeles at this locus 
is not unexpected because the strains that 
share the same p oi ym c u pf usms were derived 
from a common (Sounder (Seek et aL, 2000). 
m situ hybridization snowing expression of 
mT2R-S in subsets of ceBs in the arcumval- 
latfi papilla of (b) a cyctoheximide taster strain 
(DBA/2) and (cj e nontaster strain (CS78L/6); 
no strain specific differences in expression 
pattern were detected in taste buds from 
other regions off the oraJ cavity. 
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from a C573L/8J (nontaster) x OSA/2J (taster) cross. 
We found tight ftnftage between mT2R-5 and the Cyx 
toeus but not perfect concordance in their strain distri- 
bution pattern (data not shown). We bedeve that this is 
due to the reporteri ambiguity mtr»e original designation 
of the cyctohexxrrrrde phertotype of the recombinant 
Inbred pane} progeny and parental fines (Lush and Hol- 
land, 1988). We therefore isolated the mTZR-5 gene 
from several additional weft -characterized cyctohe xi- 
mide taster (CBA/Ca, BALB/c, C3H/He) and nxinraster 
tl2S/Sv) strains and determfned their nucleotide se- 
quences. Indeed, as would be expected if mT2ft-5 func- 
tions as the cyctohexinride receptor in these strains, afl 
the tasters share the same mT2R-5 affete as DBA/2 J, 
whtte the remasters share the CS7BL/5 alrefe, which 
carries missense mutations (Figure 6), Including three 
nonconseTvative ammo add substitutions (T 441, G15SD 
and L294R). 

If the mT2R-S CS78L/6 allele is responsible for the 
taste deficiency of Cyx mutants. Hs cyctoheximide dose 
response might recaprtuSate the sensmvity shift seen m 
Cyx mutant strains. Two-bottfe preference tests have 
shown that Cyx taster strains avoid cyctoheximide with 
a threshold of 0.25 p.M (Lush and Holland, f 988), white 
nomasters havesn --8-fold decrease in sensitivity (e.g.. 
trreyat^rror? rasters at 1 #trVt, but strongly a vofd cyciohex- 
Imlde at 8 ptM). We constructed a rh©-rnT2R-5 fusion 



with the mT2R-s gene from a nontaster strain and com- 
pared its dose response with that of the receptor from 
taster strains. To prevent bias due to differences in re- 
ceptor numbers in the neterofogous certs, we measured 
surface expression and assayed mT2R-5 function from 
the same rransfection experiments (see Experimental 
Procedures). Remarkably, mT2R-5 from the nontaster 
strains displays a shift in eyefohextmide sensitivity (fig- 
ure 4d> that res e mb les the sensitivity of these strains to 
this better tas'tant. Taken together, these re suits validate 
mT2R-5 as a cyctoheximide receptor and strongly sug- 
gest that mT2R-5 corresponds to the Cyx locus. Format 
proof that mT2R-5 is Cyx wrfl require the knockout of 
this gene in taster strains, or the phenotypic rescue of 
nontaster animals with an mT2R-S transgene. 



T2Rs Couple to Gustcfuon 

In the accompanying paper {Adter et a?.. 2000). we dem- 
onstrated that T2Rs are coexpressed with gustducia 
suggesting that T2Rs may activate this G protein hi 
response to bitter taslants. To investigate the selectivity 
of T2R-G protein coupling, we chose to study mT2R-5 
because its activation by cyctoheximide recapitufates 
mouse taste responses. Because of the need to assay 
several G proteins and the lack of a cell-based gustducin 
assay, wa used a cell- free system. Rho- tagged rnT2R-S 
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Figure 7. mT2R-5 Activates Gustducin ?n Response to Cycfohex- 
imfde 

(aj tnssa tenia! ceS resrysoranssccraaining mT2f^S activate gust<- 
ductn mtfte presence 300 pM i/i Lk rfiejtiH a d e but not without figand 
(control or fan tne presence of 1 mM atropine, bructne, caffeine, 
denstonfufn, pneiiy&filocaftMniids, S-n-propy! tRtourecH tjtdnine, 
sac cha rin, strychnine, sucrose octaacstate. (taj Cyciaheximide con- 
centration dependence of gustdudn activation by mTZR-6 (f&ed 
code] was fitted by single-site binding (K* = 14.8 i 0j9 p.M)- No 
cyctonexfrnide-induced activity was detected in the presence of 
GccO (TiSed triangte}. Goi {open Uiar»gfe). GccS (open squared or Goq 
(jfnted square). 

arid gustductn were prepared using a bactrfovkus ex- 
pression system. We tncubated rr»T2R- 5-ccr.Ealnfng 
membranes with various purified G proteins, including 
gustducm. and measured lastant-fnduced GTP7S bind- 
ing (Hoon et al., 1 995). Figure 7 shows the results of 
GTPyS binding assays, demonstrating exquisite cycto- 
heximide-dependent coupling of mT2R-5 to gustductn. 
m contrast no co u p ling was seen wfth Gas, Gal. Gaq. 
or Gao. No significant GTPyS binding was observed in 
the absence of receptor, gustductn, or p-y heterodimers 
(data not shown). The high selectivity of T2R-5 for gust- 
ductn, and the exclusive expression of T2Rs In taste 
receptor ceOs that contain gustductn (Adferet af ., 2000), 
affirm the hypothesis that T2Rs function as gustducin- 
finked taste receptors. 



Concluding Remarks 

To date, many putative taste receptors have been re- 
ported (Abe et aU 1993; Matsuoka et al., 1993; Ming et 
at., 1998; Hoon et at., 1999; Chaudhari et at., 2000). 
However, none have satisfied the requirements of rigor- 
ous biological verification: (1) demonstrated tissue and 
cell- specific expression, (2) functional validation, and (3) 
genetic corroboration. The T2R receptors presented in 
this and the accompanying paper were examined for all 
three criteria. First, we showed that T2Rs are selectively 
expressed in subsets of taste receptor ceHs of the tongue 
and palate epithefium. Second, three T2Rs (mT2R-5. 
hT2R-8, and mT2R-4) functioned as receptors for better 
tastants in heterologous cells. Third, polymorphisms in 
the mT2R-5 receptor were found to be associated with 
changes in bitter taste sensitivity to cycloheximide, both 
in vivo and in vitro. Thus, rnT2ft-5 is a strong candidate 
for Cyx. Furthermore, mT2R-5 selectively couples ta 
gustducin, which has been implicated biochemically 
and genetically in taste transduction (Wong et at., 1996; 
Ming et al.. 1 998}. Together, these results demonstrate 
that the T2R gene family contains functronaHy defined 
bitter taste receptors. 

At present, we da not know what fraction of the avail- 
able human and rodent receptors fu nc t ion in bitter trans- 
duction. However, our demonstration that aQ T2R- posi- 
tive taste ceils express multiple receptors suggests that 
T2R receptors may function in a similar taste modality. 
This is consistent with the observation that mammals 
can recognize a large number of bitter compounds, but 
do not discriminate between them (McBumey and Gent, 
1979). Indeed, the two mouse receptors presented in 
this study (mT2R-5 and mT2R-8) respond to different 
bitter tastants and are expressed in combination with a 
number of other T2Rs m overlapping taste receptor ce»s 
(data not shown). Alternatively, if 72 Rs respond to more 
than one modality, for example bitter and sweet then 
these ceils would have to functionafiy segregate T2R 
receptors so as to maintain speciffcity and selectivity 
of signaling (Tsuncda et al., 1998). 

A number of studies have shown that the oral cavity 
displays regional differences in sensitivity to the various 
taste modalities (Frank et al., 1983; Nejad, 1986; Frank. 
1 991). Our demonstration that T2Rs are expressed in an 
taste buds of circumvaffate, foliate, and palate taste 
buds indicates that if mere are significant differences 
in bitter sensitivity between these three regions, they 
may reflect events distal to te slant recognition. 

The discovery of bitter taste receptors makes ft possi- 
ble to experimental approach and elucidate critical 
aspects of the logic of bitter coding. For instance, it 
should be possible to genetically mark mT2R -express- 
ing ceils and examine their physiology and connectrvfty 
patterns. Similarly, it wil! be possible to knock out selec- 
tive subsets of mT2R receptors and study the impact 
on bitter taste perception. 

Taste receptor cells turn over throughout lire (Bercfier 
and Smallman. 1965). Therefore, synapses need to bo 
continuously reestablished. It will be interesting to deter- 
mine how this is achie v ed and whether nerve terminals 
provide any instructive signals for the expression of T2R 
receptors. The observation that taste buds degenerate 
when denervated and regenerate when the gustatory 
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epithelium is reinnervated provides a traceable experi- 
mental paradigm to address this question. Finally, the 
identification of human bitter receptors makes it passi- 
ble to use hig^- throughput screening strategies to iden- 
tify bitter ant a gonists, and In a small but significant way. 
eliminate bitterness from the world. 

Experimental Procedures 

Generation. Expression, and Immunostaining 
of Chimeric Receptors 

A bridge overlap PCfc extension technique was used to generate 
rho-T2R crtmeras, which contain the fir si 39 amino acids of bovine 
rhodopstn in frame with human and rodent T2R coding sequences 
(Mehta and Singh. 13035. The rhodopsln segment was ampSHea 
from a oovtne cDNA clone Kindly provided oy Dr. J. Nathans. Alt 
receptors were cloned into a pEAKlO mammalian expression vector 
(Edge Btovrstems. MD). The rho-mGiuRI chimeras were con- 
structed ustng a stroter strategy. 

Modified HEK-293 cells (PEAK'* - cells; Edge Bk>5ystems, MDJ 
were gro w n and maintains*! at 3T"C In UttraCufture medium (Bio 
Whjttaker) supplemented wfth 5% fetal bovine serum. 100 fig/ml 
G enlan i yUn sulphate {Ftsherfc 1 >*gmH Amphotericin S. and 2 mM 
GtutaMax i (Life technologies!. For transection, cefls were seeded 
onto i i lat* igel^coated 24»wefl cufttse p la t es or 35 mm recording 
chambers. After 24 hr at 37*C cefls were washed in QptaftEM me* 
dlum fUfetechnotogies) and transfected using UpofectAMINE re- 
agent fLrfetechnctogtesJ- Transfectton efficiencies were estimated 
by cotransf action of a GFP reporter ptasmid and wan typically 
>70%. tn^nunofiuoresence staining end activity assays were per- 
formed 36-48 hr after transfection. 

For immunostAtning transfected cetts were grown on coated gloss 
coversJips* fixed tor 20 mm m ice-cold 7X> paralormeWehyde. 
blocked wJOt 1% BSA. and incubated for 4-6 hr at 4°C in Wockmg 
bufler containing a 1:1000 dilution of anti-rhodopsin mAb B6-30 
(Hargrave et al.. 1986). Chimeric receptor expression was visualized 
using rllC-coupted donkey ami-mouse secondary antibody (Jack- 
son ImmunochemicaO. Surface expression of mTZR-5 alleles was 
estimated by EUSA m e a suremen ts ustng antibodies against the 
fftodopsfo N-termtnal tag. TransTected ceffs were seeded in 96-weQ 
dishes (~4 x 10* cefls per weti) for ELI5A experiments and in 35 
mm recording chambers for parallel functional assays. Nonperme- 
a bt fii ed cetts. were fixed in cotd 2% paraformaldehyde for 20 mtn, 
washed, blocked with PBS + T% 0SA. and incuhinedwth the 86-30 
anb^rhodopsm antibody. Surface t e uBu a w * were detected using 
peroxidase-conjugated goat anti-mouse antibodies and quantified 
using a Kinetic mieropfate reader (Molecular De v i ce s, CA). In all 
cases, sim3ar numbers of celts were examined. The ratio of surface 
expression of nontasterAaster aBefes was found to be 1.34 ± 0.19 
(n = 144 wefts in 3 independent transections), m situ hybridization 
was carried out as described previously (Hoon et at, 1999$. 

Calcium Imaging 

Transfected cells were washed once in HanK's balanced salt solu- 
tion with 1 mM sodium pyruvate and 10 mM HEPES, pH 7.4 (assay 
buffer}, and loaded mih 2 jiM FL/RA-2 AM (mufeuflar PruLwrs) lor 1 
hr at room t e t i ip a Jims . The loading solution was removed and cefls 
were incubated in 200fd of assay buffer for 1 hrto aOowihe cleavage 
of the AM ester. For most experiments, 24-wefi tissue culture plates 
containing cells expressing a single rho-T2R were stimulated with 
200 uJ of a 2x tastan! solution (see next section). f,Ca*% changes 
were rnonftored using a Nikon Oiaphot 200 microscope equipped 
with a lOx/0.5 fluor objective with the TILL imaging system (TJ.L.L. 
Photonics GmbH). Acquisition and analysis of the fluorescence im- 
ages used TILL-Vhuon software. Generally. (Ce , "t was measured 
for 80-120 s by sequentially illuminating cells for 200 ms at 340 nm 
and 380 nm and moritorxng the fluorescence emission at 510 nm 
using a cooled CCD camera. The F^/F^, ratio was analyzed to 
measure [Ca*'J.. Kinetics of activation and deactivation were mea- 
sured using a bath perfusion system. Cefls were seeded onto a 
150 i*l rrucroperfusion chamber, and test solutions were pressure- 
ejected with a ppoospritzer apparatus (General Valve, Inc.). Flow- 
rate was adjusted to ensure complete exchange of the bath solution 



within 4-5 s. In (he case of mT2ft-S. we either measured responses 
from SO mdmdua* responding cefts. or the entire camera fieM since 
> 70% of trie celts responded to cyctonexhrtde. For mT2ft-8 and 
hT2R-4. we averaged 100 areas of Interest In each e x pe rim e n t. 

List of Tastants 

The following tastants were tested (maximum concentrations)! 5 
mM a if stul o cl iic acid S mM atropine. 5 mM brucrrte, 5 mM caffeic 
acid. 10 mM caffeine. 1 mM chtoroqume. 5 mM cyctohexjmjde. 10 
mM de na tu niu m benroate, S mM (-) epicatechsa 10 mM i.-ieuane, 
10 mM L-rysine. to mM MgCtt, S mM naringia 10 mM nicotine. 2.5 
mM papaverine hydrochloride. 3 mM phenyl miocarbamfde. 10 mM 
fc-n- propyl thtouracU. 1 mM q^nacrine. 1 mMo^iininehvdrochlohde. 
SCO ftM rafffnose undecaacetate, 3 mM saScm, S mM sparteine, S 
mM strychnine nitrate. 3 mM sucrose octaacetate. 2 mM tecraetnyt 
ammonium chloride, 10 mM u-ryrosine, 5 mM yohimbine, 10 mM 
each of glycine, c-aianine, o- tryptophan, L-phenyfatanine, L-arginine, 
sodium saccharin, aspartame, sodium cyctamate, acesuffame K 
150 mM each of sucrose, lactose, maltose, d -glucose. <»-fructose. 
o-ga lactose, o-sorbftol, 0.1% moneTKa 0.1% thaumattn. Additional 
sweet tastants were 1 SO *lM afitame, 1^ mM dulcin. 800 uM stevio- 
iide. 1.9 mM cyafiosusan, GOO ptA r«bhespferia*h alhydhXhalcc<ie, 
10 mM xytitol, 9.7 mM H-Asp-o-Ala-OTMCP. 70 fJA N-Omb-».-Asp- 
(.-Phe-Ome, 12 jdW N-Dmb-u-Asp-o-VaHS)-a rnetfnHberLcyfamfde, 
kindly provided by Or, M. Goodman. 

Recombtnam Inbred Typing 

The mT2R-5 coding sequence from the parental and each of the 
26 CS7BL/6J X D6A/2J (BXO) recombinant inbred tines (Research 
Geneocs; HuntsviBe, AL) was amplified by PGR using primers Bank- 
ing the coding sequence. Products were either sequenced, or ana- 
lyzed for restriction site polymorphism at position 414 (*1 being 
the start of translation), which contains an Aki site in the DBA/2 
allele, but not the C57BL/6 aflete. In addition a similar strategy was 
used to analyze the sequence of mT2R-5 from other strains. 

In Vitro Coupling of mT2R-5 to Gustducin 

Infectinus Bacmid containing rhodopsin-tagged mT2R-S (DBA/2- 
aftde) was produced using the Bac--to--Bac system (Lifetuctinox> 
gies. MD}. Insect larval cefls were Infected for 60 hr with recombinant 
Bacmid and membranes were prepared as described previously 
(Ryba and Tirindellt. 1995). Peripheral proteins were removed by 
treatment with 8 M urea and m embranes were resuspended in 10 
mM HEPES pH 7.5. 1 mM EOTA, and 1 mM DTT. The expression of 
rho~mT2R-5 was assessed by western blot using mAb B6-30 and 
quantitated by comparison with known amounts of rhodopsin. Ap- 
proximately 300 pmol of rho-mT2R-5 coufd be obtained from 2 x 
TO* infected cefls. Gustducin and G&y, heterodimers were isolated 
as described previously (HoonetaU 1995; Ryba and rtrindelH, 1995). 
Recombinant Gas. Gaq. and Goi and bovine brain Gao were gener- 
custy provided by Or. Ettrctt Ross. R ecepiCT 'Catalyzed eALhai xje of 
GDP for GTPyS on gustducin and other G protein a subunits wai 
measured in the presence of 10 nM rho-rnT2R-5, 100 |iM GOP, and 
20 *lM GP,t, (Hoon et aL, 199SL Alt measurements were made at 
15 min time points and reTect the initfsl rate of GTP7S bmding. 
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